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ABSTRACT 
 
Metal-organic materials (MOMs) assembled from metal-based building blocks and 
organic linkers have attracted much interest due to their large pore dimensions and their 
enormous structural diversity. In comparison to their inorganic counterparts (zeolites), these 
crystalline materials can be easily modified to tailor pore dimensions and functionality for 
specifically targeted properties.  
The work presented herein encompasses the development of a synthetic 2-step process 
for the construction of novel families of MOMs or ‘platforms’ and allow us exquisite design and 
control over the resulting network topologies. Examples of cationic mesoporous structures were 
initially exploited, containing carboxylate based centers connected by metal-pyridine bonds. The 
inherently cationic nets allowed for subsequent anion exchange which can be regarded as an 
elegant and easy postsynthetic modification strategy. The incorporation of different 
functionalities inside the channels of the networks was then demonstrated as useful in terms of 
carbon dioxide capture. 
The scope of the 2-step process was then expanded to construction of the first trinodal 
MOM platform involving triangular, tetrahedral and trigonal prismatic building units: tp-PMBB-
1-asc. Examples of reticular chemistry are shown which enable the formation of large and 
functionalized nanocages with retention of the underlying network topology. Gas adsorption 
studies indicate relatively high uptakes of carbon dioxide and hydrogen which, together with the 
use of inexpensive ligands, provide an excellent cost/performance ratio of these materials. 
xvii 
 
Moreover, very high stability in organic solvents and especially in water are addressed which is a 
particularly challenging, but industrially relevant target in the field of Metal-Organic Materials. 
The 2-step approach was also used to synthesize a new and versatile class of metal-
organic materials with augmented lonsdaleite-e (lon-e-a) topology. This family of lon-e nets is 
built by pillaring of hexagonal 2-dimensional kagomé (kag) lattices that are in turn pillared by a 
trigonal prismatic Primary Molecular Building Block (tp-PMBB-1). These MOMs represent the 
first examples of axial-to-axial-pillared undulating kag layers and they are readily fine-tuned 
because the bdc2- moieties can be varied at their 5-position without changing the overall 
structure. This lon-e platform possesses functionalized hexagonal channels since the kag lattices 
are necessarily eclipsed. The effect of the substituent at the 5-positions of the bdc2- linkers upon 
gas adsorption, particularly the heats of adsorption of carbon dioxide and methane, were studied. 
If linear dicarboxylates were instead utilized, we were able to synthesize a new and 
versatile class of metal-organic materials that exhibits 4,6-connected fsb topology. These 
networks are constructed from simple and inexpensive building units and since interpenetration 
is precluded, afford very high void volumes. They therefore represent ideal targets to generate a 
novel family of frameworks, because of the ready availability functionalized and expanded 
ligand derivatives. They also allow for systematic fine tuning and could ultimately provide a 
roadmap to ultra-high surface areas from simple building blocks. 
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CHAPTER ONE: 
Introduction 
 
Note to Reader 
Portions of this chapter have been previously published: A. Schoedel, M. J. Zaworotko, 
Chem. Sci. 2014, Accepted Manuscript, DOI: 10.1039/C4SC00171K – Reproduced by 
permission of the Royal Society of Chemistry. 
 
Metal-Organic Materials 
Metal-Organic Materials (MOMs) have been intensively studied over the past two 
decades thanks to their many potential applications.1,2,3 MOMs are typically assembled 
from metal ions or clusters (nodes) and organic multifunctional ligands (linkers) to afford 
periodic networks that contain channels and cavities with controllable size and chemistry. 
In contrast to other classes of porous materials (e.g. zeolites),4 the modular nature of 
MOMs and their amenability to fine-tuning of properties has enabled their development 
as materials for gas purification and storage, catalysis, small-molecule separation and 
chemical sensing. MOMs gained particular traction when the concept of crystal 
engineering was popularized in the early 1990’s.5 The definition of crystal engineering 
was coined more than 25 years ago yet it is still relevant today. Simply put, crystal 
engineering, the design and synthesis of functional materials with desired properties, 
provided early rationale for development of MOMs, especially in the context of high 
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symmetry nets generated by direct linking of polyhedral or polygonal nodes. Such nodes 
offer different connectivity (from 3-connected upwards) and, when propagated by linear 
linkers according to the “node and spacer” principle,6 often result in nets with predictable 
topology and structure. The resulting networks can then be described in terms of their 
network topology which is principally related to coordination environment of the node or 
Molecular Building Block (MBB).7 Herein, high symmetry trigonal prismatic MBBs are 
highlighted together with the related vertex figures that sustain the resulting topologies. 
 
High Symmetry Molecular Building Blocks (MBBs) 
First generation MOMs are exemplified by single metal ion nodes linked by 
pyridyl linkers, e.g. 4,4’-bipyridine. The resulting networks are controlled by the 
coordination geometry of the metal ions. Prototypal topologies such as dia,8,9 sql10 or 
pcu,11 all of which can exhibit the phenomenon of interpenetration,2,12,13 were thereby 
introduced. The second generation of MOMs are exemplified by high-symmetry metal-
carboxylate cluster MBBs and proved generally more robust, allowing for the removal of 
guest species from the cavities or channels of the framework. Many of the resulting 
MOMs were found to be permanently porous and the greater relative size of their MBBs 
compared to first generation MOMs resulted in extra-large surface areas and pore sizes. 
From a crystal engineering perspective, high symmetry MBBs enable exquisite control 
over the coordination environment, which makes them highly desirable for the rational 
design of new networks. The level of interest in MOMs increased exponentially after the 
pioneering work of Williams,14 Yaghi15 and Kitagawa16 with respect to permanent 
porosity. Yaghi and Kitagawa coined the terms metal-organic frameworks (MOFs) and 
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porous coordination polymers (PCPs), respectively. The large number of MOMs that have 
subsequently been prepared and characterised remains, however, sustained by only a 
handful of high symmetry MBBs that can be classified based by their points of extension 
(Figure 1.1). 
 
 
Figure 1.1. High symmetry Molecular Building Blocks (MBBs) that sustain prototypal MOMs and their related 
vertex figures. 
 
Octahedral MBBs from basic zinc acetate [Zn4O(CO2)6], “square paddlewheel” 
from [Cu2(CO2)4] and trigonal prismatic [M3(μ3-O)(CO2)6] clusters are predominant in 
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this context and they sustain the majority of high-symmetry MOM networks thus far 
reported. 
Topology 
The analysis and classification of networks in terms of topology enables taxonomy 
of the underlying net17 and plays an important role in crystal engineering since the 
observed topology is the direct consequence of linking different nodes and it provides a 
blueprint for design of families of related MOMs or “platforms”. The process involves 
simplification of a crystal structure into polygons or polyhedra, nodes or vertices that are 
connected by linkers (or edges). The nodes of multi-atomic MBBs are represented by 
their centre point (barycentre). Simplification of the network and its topological analysis 
is readily achieved using the program TOPOS.18 TOPOS provides point and vertex 
symbols of the analysed nets and identifies if a nets exhibits the same topology as one of 
the >70,000 known nets that are archived in its databases. In the case of MOMs, the 
RCSR (Reticular Chemistry Structure Resource) database19 provides unique 3-letter codes 
to unambiguously describe the network topology. These network topologies can be 
further classified by their number of vertices: nets with one kind of vertex are called 
uninodal; those with two vertices binodal, and so on. The largest class of uninodal nets is 
afforded by one MBB and one linker (edge-transitive). They have been described as 
prototypal or default nets and include nets sustained by 3- (srs,20 ths21,22), 4- (dia,9,23 
nbo24), 6- (pcu,3,22,25,26 acs27), 8- (bcu28) and 12- (fcu29) connected nodes. Binodal nets 
have also been exploited and, together with one kind of edge, afford versatile networks 
such as 3,4-c tbo14,30,31 and pto,13,31 4,4-c pts,32 3,6-c qom33 and 3,24-c rht.34 All of these 
network topologies are well-known and robust enough to serve as blueprints for the 
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generation of large families of related materials through judicious selection of the MBBs 
and linkers. We would like to emphasize that description as edge or augmented nets, 
which detail the ‘expansion’ or augmentation of the parent net, respectively is important 
from a design perspective. Such an approach explains the topology in more detail and 
allows for different MBBs (or in some cases, supermolecular MBBs, SBBs) to be taken 
into account.35 
 
 
Figure 1.2. Relationship between the lonsdaleite (lon) net and its augmented (lon-a) and edge-nets (lon-e). 
The augmented edge-net, lon-e-a, is based upon both trigonal prismatic (blue) and octahedral (red) MBBs. 
 
For example, lonsdaleite (lon)36 topology can be used as an illustration. We 
recently isolated a new class of MOMs that exhibit lon-e-a topology.37 In the case of lon 
topology (Figure 1.2, left) the tetrahedral vertex figure can be replaced by the polygon or 
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polyhedron that defines this vertex and thus the net becomes augmented lon (lon-a). In 
order to generate the edge net, lon is expanded in a manner such that the polyhedra are 
directly connected whereas the linker is omitted, rendering it into a lon-e network. When 
the vertices of the lon-e net (green tetrahedra, Figure 1.2) are in turn augmented because 
they are sustained by different polygons or polyhedra, then the net can be described as an 
augmented lon-e net, lon-e-a, that is built from trigonal prismatic and octahedral nodes 
(Figure 1.2, bottom right). Similar principles apply to augmented cristobalite (crs-a or 
dia-e-a), which is described below and consists exclusively of octahedra.  
 
The Trigonal Prismatic MBB 
In this contribution we focus upon the use of the [M3(μ3-O)(O2CR)6] MBB, the 
“trigonal prism”, which facilitates a plethora of polyhedral nets and highly porous 
materials, as exemplified by MIL-10038 and MIL-101.39 Trigonal prismatic metal-
carboxylate clusters that consist of octahedral coordinated M2+/3+ are long and well-
known to coordination chemists. Basic chromium acetate was first isolated by Weinland 
in 1919 through treatment of hexa-aquachromium(III) chloride with sodium acetate in 
water or ethanol/acetic acid mixtures. The molecular formula 
[Cr3(OH)2(O2CCH3)6]Cl ∙ 8 H2O was almost correctly assigned at that time.
40 Magnetic 
properties were determined even before the single crystal X-ray structure was elucidated 
in 1965.41 Cr3(μ3-O)(O2CCH3)6(H2O)3]Cl ∙ 6 H2O is composed of trimeric complex 
cations (Figure 1.3, left), that are in turn consist of three octahedrally coordinated 
chromium(III) ions linked to a central oxygen atom in a planar environment. In addition 
each Cr3+ is coordinated by four bridging acetate moieties and one water molecule. It 
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crystallizes in the orthorhombic space group P21212 with 4 formula units per unit cell. 
Charge balancing chloride anions and water molecules were found highly disordered 
between the well-refined clusters.42 Subsequently, coordination compounds of formula 
[M3(μ3-O)(O2CR)6]X (X = H2O, anion) were extensively studied because of their facile 
synthesis43 and interest in their magnetic properties. 
 
 
Figure 1.3. Single crystal structure of the basic chromium acetate trimeric cluster. Its packing in the 
orthorhombic crystal form ([001]). Anions and water molecules are omitted due to diffuse electron density 
peaks.42 
 
Trigonal Prisms as Building Blocks in Metal-Organic Materials 
Trigonal prismatic clusters that serve as MBBs in the context of MOMs were first 
reported by Kim et al. in 2000.44 [Zn3(μ3-O)(O2CR)6]N3 clusters connected by chiral and 
flexible pyridine-carboxylates afforded a 2-periodic honeycomb (hcb) net. Further studies 
on this network demonstrated enantioselective catalytic activity towards 
transesterification reactions. In 2002, Férey et al. reported the structure of the first 3-
periodic network based upon [M3(μ3-O)(O2CR)6] MBBs, denoted as MIL-59.
45 The 
structure, which is detailed below, exhibits primitive cubic (pcu) topology. The first 
examples of linear connected trigonal prims, the MIL-88 platform,46 were also reported 
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by Férey and co-workers. This report was followed shortly by Yaghi et al.27 who defined 
this hitherto unprecedented topology as the default acs network. A series of studies from 
several groups that collectively demonstrated the versatility of the trigonal prismatic 
MBB were subsequently reported. We herein categorize structures sustained by [M3(μ3-
O)(O2CR)6] MBBs according to their connectivity. The trigonal prism can adopt one of 
three types of connectivity to serve as 3-, 6- or 9-connected nodes (Figure 1.1). The most 
commonly studied networks to date are 6-connected, i.e. those linked at all six 
carboxylate moieties, and they include structures that that exhibit zeolite-like topology as 
well as multi-nodal networks. Multi-nodal networks are enabled by our recently reported 
2-step crystal engineering strategy that exploits decorated trigonal prismatic MBBs 
formed in step 1 before they are further reacted with a different node(s) in step 2. 
 
3-connected Networks: 0-D Metal-Organic Polyhedra (MOP) and 2-D Grids. 
The first reports addressing the use of trigonal prismatic MBBs as 3-connected 
nodes for the construction of discrete metal-organic polyhedra (MOPs) were by Yaghi 
and co-workers. A sulfate capped MBB, [Fe3(μ3-O)(CO2)3(SO4)3]
2-, was used instead of 
[M3(μ3-O)(CO2)6]
+ and, together with linear or triangular linkers, it generated 
supertetrahedral SBBs, st-SBBs (IRMOPs).47 These st-SBBs were found to be amenable 
to fine-tuning by means of isoreticular chemistry.26 They were also proven to be 
permanently porous with BET surface areas strongly dependent upon the packing 
arrangement of the st-SBBs. Two main packing motifs were observed, a diamondoid 
(dia) network, as seen in MOP-54, and a less dense β-cristobalite (crs) net, as observed in 
IRMOP-51. The crs net served as a blueprint to connect pre-assembled st-SBBs into a 3-
9 
 
periodic framework. This was accomplished by connecting the unsaturated metal centres 
(UMCs) of the trigonal prismatic MBBs in angular fashion by 1,2-cis-4,4-
bipyridylethane.48 These connections render the trigonal prisms into octahedral nodes 
which in turn sustain the crs-a topology (Figure 1.4d). This approach greatly enhanced 
the stability and surface area of the material, which increased from 544 m2/g (IRMOP-51) 
to 2274 m2/g (MOF-500). This report also demonstrated the concept of a modular 
approach through which SBBs can be assembled into 3-D frameworks. 
 
 
Figure 1.4. Single crystal X-ray structures of IRMOP-51 and MOF-500. a) Single crystal X-ray structure of 
IRMOP-51. b) The st-SBB that is sustained by four capped trigonal prismatic MBBs; c) connectivity 
between st-SBBs which renders MOF-500 into an overall d) cristobalite (crs-a) net. Light and dark green 
tetrahedra represent the different SBBs as detailed in a) and c). 
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Another class of 3-connected MOMs is based upon linking the 3 UMCs of the 
trigonal prismatic MBB. The resulting networks were prepared through a 2-step synthetic 
approach, whereby mixed metal pivalate MBBs [Fe2M(μ3-O)(piv)6] were synthesized in 
step 1. These MBBs were then connected through linear bipyridine49 or triangular 
tripyridyl-linkers50 into 2-D honeycomb (hcb) networks with 4-fold interpenetration. Two 
variants, M = Ni, Co, were found to exhibit stepwise adsorption with BET surface areas 
ranging from around 250 m2/g to 550 m2/g. Adsorption experiments with methanol and 
ethanol further illustrated stepwise adsorption mechanisms in these nets as, with 
increasing uptake, changes in angles and distances between the interpenetrating nets were 
observed. 
The hcb net obtained from a triangular, tripyridyl linker exhibits eclipsed ABAB 
packing and thus forms hexagonal channels. No flexibility was observed, resulting in a 
higher apparent BET surface area (730 m2/g).50 Flexible or angular 2-c linkers were found 
to afford 1-D coordination polymers or catenated chains that were shown to be non-
porous.51 
 
6-connected Networks: MILs and Others. 
6-connected networks are the most common structural motifs for trigonal prismatic 
nodes as the structure means that their surface is decorated by six bridging carboxylate 
moieties. Whereas several research groups initially explored trigonal prismatic MBBs, 
this field has thus far been dominated by the structural diversity of MILs (Materials of 
Institute Lavoisier) developed by Férey, Serre and co-workers.52 Trigonal prisms based on 
the highly stable Cr3O-trimer and its Fe analogue were initially explored, resulting in 
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highly modular platforms. Three of these platforms gained special attention thanks to 
their properties and potential applications: MIL-88, MIL-100 and MIL-101. MIL-88 was 
first reported in 2004 by linear linking of [Fe3(μ3-O)(CO2)6] MBBs by fumarate (denoted 
MIL-88, later MIL-88A) and trans,trans-muconate (denoted MIL-89).46 Shortly 
thereafter, Yaghi and co-workers isolated the first network based on terephthalate linkers 
(bdc2-) and identified the resulting topology as the ‘default’ net for trigonal prismatic 
nodes: the acs net.27  
 
 
Figure 1.5. Crystal structure and topology of MIL-88D and its swelling properties upon drying and 
exposure to solvent. a) The trigonal bipyramidal cage of MIL-88D, the angle θ changes with the swelling 
amplitude of the framework; b) Default acs topology as exhibited by the MIL-88 family; c) Structure of the 
dried form of MIL-88D and d) after soaking in pyridine. The swelling can result in a 270% increase of unit 
cell volume. 
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The network is identical to the later reported compound MIL-88B, but differs with 
respect to the charge balancing anions. The MIL-88 class of frameworks (acs nets) were 
then extensively explored by Férey and co-workers by employing different linkers such as 
bdc2- (MIL-88B), 2,6- naphthalenedicarboxylate (ndc2-, MIL-88C) and 4,4-
biphenyldicarboxylate (bpdc2-, MIL-88D).53 
These isoreticular materials were also synthesized according to a ‘controlled SBU 
approach’ starting from basic iron acetate, [Fe3(μ3-O)(O2CCH3)6(H2O)2(OH)], reacted 
with appropriate dicarboxylate linkers at moderate temperatures. This contrasts with the 
synthesis of MIL-88(Cr), in which Cr-monomers are used at high temperatures under 
harsh synthetic conditions. 
The authors claim that the Fe3O trimeric cluster remains intact during the synthesis 
and that only the carboxylate ligands are exchanged. Since only polycrystalline samples 
of MIL-88 were obtained, a combined approach of pre-modelling and Rietvelt refinement 
became necessary for structure elucidation. Due to the flexible nature of the trigonal 
prism, MIL-88 type frameworks can undergo large structural changes, breathing or 
swelling, upon exposure to different guest species, e.g. solvents (Figure 1.5c, d).54,55 
Breathing phenomena in porous materials had previously been reported.56 However, the 
MIL-88 family exhibits unusually large but fully reversible swelling amplitudes with 
retention of crystallinity and network topology. In this context MIL-88D expands to 
270% of its original unit cell volume, a value that, to the best of our knowledge, remains a 
record. Insights were provided to help rationalize the expansion/shrinkage on a structural 
level and how different solvents facilitate multi-point interactions with the framework. 
Further structural diversity of the MIL-88 family of frameworks was reported by other 
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research groups using conventional or high-throughput methods. In this context, amino-
functionalized57 or anthracene-based58 derivatives, MIL-88(Sc),59 or MIL-88(V)60 were 
also isolated. 
Recently, it was shown that the swelling properties of MIL-88B and 88D could be 
fine-tuned by ligand modification and a series of functionalized frameworks was 
synthesized.61 It was found that the size and number of functional groups strongly affects 
the breathing amplitude and can ultimately lead to permanent porosity. 
 
 
Figure 1.6. Simulated crystal structures of the dry forms of a) MIL-88B and b) MIL-88B(CH3)4. The 
methyl-functionalization of the 1,4-bdc linker mitigates against full shrinkage and results in increased 
surface area. 
 
This was demonstrated for MIL-88B(CH3)4, the variant that contains a tetramethyl-
terephthalate linker. The apparent surface area increased to 1216 m2/g vs. < 30 m2/g for 
MIL-88B (Figure 1.6). Moreover, it was shown that functional groups also have a 
profound influence on the energetics of the closed and open forms due to different host-
guest interactions with solvent molecules. The lower diffusion barrier of guests in 
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functionalized MIL-88B resulted in an unexpected breathing behaviour in non-polar 
solvents. 
A different approach to limit or prevent breathing and yield higher surface areas in 
MIL-88 structures was conducted by Serre et al. through the synthesis of an 
interpenetrated version of MIL-88D, MIL-126.62 This material, obtained through 
variation of the reaction conditions that produced MIL-88D, required higher temperatures 
and the absence of HF. It consists of 2 interwoven acs nets and thus its breathing 
amplitude upon drying is less than 2%. MIL-126 was found to be permanently porous 
with an apparent BET surface area of 1750 m2/g. This study highlights how flexible, non-
porous frameworks can be transformed into rigid, permanently porous structures through 
interpenetration. 
Another important class of MILs, that deserve special attention are those with mtn 
(Mobile Thirty Nine) topology frameworks, namely MIL-10038 and MIL-101.39 They are 
built from trigonal prismatic MBBs that, when combined with dicarboxylate or 
tricarboxylate ligands, form st-SBBs, similar to the aforementioned MOPs depicted in 
Figure 1.4. These st-SBBs are further linked in corner-sharing fashion and thereby form 
5- and 6-connected rings that result in topology the same as that of mtn zeolite 
(Figure 1.7). The st-SBBs are reduced to simple tetrahedral vertices in this description. 
However, even if the overall topology refers to the same underlying net, the particular 
SBB used to build a particular net must be taken into account to fully understand 
connectivity and make it a platform. Therefore, if MIL-101 is treated as a 6-c net it 
exhibits mtn-e-a topology whereas the 3,6-c MIL-100 net is a moo-a net.35 These 
frameworks possess large unit cell dimensions and surface areas in the range 3100 m2/g 
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(MIL-100) to 5900 m2/g (MIL-101). The properties of these extra-large surface areas 
were subsequently evaluated and both frameworks were found to exhibit promise with 
respect to storage of hydrogen,63 carbon dioxide64 and methane,65 and also in drug 
delivery,66,67 catalysis68,69 and gas purification.69-71 
Their facile synthesis from simple building blocks, their modularity and their 
extra-large surface areas mean that MIL-100 and MIL-101 have attracted considerable 
scientific interest and variants, including those made from Cr3+,39 Fe3+,71 Al3+,69 and 
V3+,60,72 have also been reported. In addition, isoreticular expansion73 as well as ligand 
functionalization,74 affords many permutations of MIL-101, enabling fine-tuning for a 
particular application. 
 
 
Figure 1.7. The underlying mtn topology network that sustains MIL-100 and MIL-101 consists of 2 types 
of cages. The nodes are different, corner-sharing supertetrahedral SBBs. 
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Postsynthetic modification has also been conducted at the ligand moiety to 
introduce more functionality, e.g. -NO2,
75 -SO3H,
76 or more complex groups after 
synthesis of a functionalized framework.67,75 
Modification of UMCs, for example through amine grafting, has also enabled 
opportunities for metal encapsulation and catalysis.77 In conclusion, MIL-100 and MIL-
101 represent a versatile class of materials that have promise with respect to numerous 
applications. However, there is a minor drawback in that only microcrystalline materials 
are normally obtained which means that structural information tends to be based on 
models and Rietveld refinement of powder X-ray data.38,54 
 
 
Figure 1.8. Predicted polymorph of MIL-101. The structure of MIL-hypo-2 consists of face-sharing 
rhombicuboctahedral SBBs that form an reo-e topology net. 
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This limits crystal engineers although polymorphs of MIL-101 have been 
predicted78 such as the reo-e topology net (Figure 1.8).79 The reo-e structure is comprised 
of face-sharing rhombicuboctahedral SBBs which are in turn sustained by trigonal 
prismatic MBBs. The difference from MIL-101 lies in the different angles subtended at 
the particular MBBs. This framework is anticipated to show high surface area and a 
modular nature, but it has not yet been realized. 
Besides st-SBBs, trigonal prismatic MBBs are versatile enough, because of their 
inherent flexibility, to form superoctahedral SBBs, so-SBBs. In this context, Zhou et al. 
reported a highly porous framework (PCN-53) based on the Fe3O-trimer MBB and a 
sulphur-containing triangular ligand (H3BTTC).
80 Two different so-SBBs generate a face-
sharing arrangement to afford a novel, binodal 3,6-connected topology. The framework 
exhibits an apparent BET surface area of 2817 m2/g, together with stepwise N2-adsorption 
at 77 K. The authors identified the primary adsorption site, supported by computational 
simulations, as being close to the sulphur moiety in the small octahedral cage. The other 
two steps were shown to have distinctive Qst values. Very recently, Serre et al. 
demonstrated that a series of porous networks (MIL-142, MIL-143) can be obtained by 
linking different size st and so-SBBs.81 They used a mixed ligand approach that has been 
shown fruitful for generation of high surface area materials.82 
The resulting networks exhibit interpenetrated ReO3 (reo) and β-cristobalite (crs) 
topology, respectively. MIL-142 is a platform since isoreticular expansion and the use of 
functionalized dicarboxylates (-NH2, NO2) were demonstrated. The resulting networks 
show apparent surface areas of around 2000 m2/g and thus represent rare examples of 
materials that combine Lewis acidity, permanent porosity and organic functionalization. 
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This study lays a foundation for mixed ligand MOMs based on trigonal prismatic nodes 
that could ultimately lead to materials with superior performance. 
 
 
Figure 1.9. The single crystal X-ray structure of In-soc-MOF reveals a 4,6-c topology sustained by 
octahedra and squares. The topology is represented as soc-a. The octahedral vertex figure is obtained 
through a 120° angle at the tetracarboxylate ligand. 
 
MIL-59 represents the first 3-periodic network based on the trigonal prismatic 
MBB [V3(μ3-O)(CO2)6] that is linked with angular 1,3-bdc.
45 The structure is that of a 
primitive cubic pcu topology since the angle at the ligand (120°) compensates for the 
angle subtended at the trigonal prismatic MBB. In 2007, Eddaoudi et al. demonstrated an 
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elegant example that uses a tetracarboxylate ligand that caps the faces of the pcu network, 
thus making it the first example of a 4,6-c square-octahedron (soc) topology MOM based 
on an Indium-trimer (Figure 1.9).83 
This framework exhibits a surface area of around 1400 m2/g and high hydrogen 
uptake (2.61wt% at 77 K). In3O-trimers have since been widely studied in MOMs and 
have been found to exhibit different connectivity and topological outcomes than other 
trimers. Multi-nodal and zeolite-like networks are discussed separately in a later section. 
 
9-connected Networks: The ncb Family of Frameworks. 
High connectivity metal-organic materials are of great interest since they are likely 
to be more controllable than lower connectivity nets, and they can exhibit enhanced 
stability towards guest removal, elevated temperatures or harsh chemical conditions. 
Increasing the connectivity of a known MBB through its UMCs has been well 
studied in the context of square-paddlewheels (to generate octahedra and thus pcu nets),84 
but it was not until 2009 that Chen et al. reported the first uninodal, edge-two-transitive 9-
c network with the previously predicted ncb topology (Figure 1.10).85 The use of two 
ligands, one dicarboxylate and one pyridine-carboxylate of right length, rendered the 
[Ni3(μ3-O)(CO2)6]py3 MBB into a 9-c node.  
The resulting network is built from a tetrakis-tetrahedron that is in turn generated 
from four tetrahedral cages that surround a centred tetrahedral cage (Figure 1.10d). The 
parent net, obtained through a combination of naphthalene-2,6-dicarboxylate and 4-
(pyridine-4-yl)benzoate exhibits high thermal stability and a relatively high apparent BET 
surface area of 2316 m2/g. In addition its hydrogen and methane uptakes were found to be 
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relatively high. Moreover, it served as a blueprint for the generation of a large number of 
ncb networks through judicious selection of two compatible ligands.86,87 
 
 
Figure 1.10. Single crystal X-ray structure of two isoreticular variants of ncb nets. a) The smallest ncb 
variant based on iso-nicotinate and terephthalate; b) Expanded variant of an ncb network; c) augmented ncb 
topology based on a 9-c vertex figure; d) tetrakis-tetrahedral cage with the tetrahedral cage in the centre of 
the cage. 
 
It was further demonstrated that pore size and pore shape can be altered as well as 
the cavity/channel void ratio, depending on the linker combination. To assess the right 
linker combinations, the authors used a geometry analysis approach and thus generated a 
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family of networks that were experimentally accessible.86 Therefore, the ncb platform 
exhibits tuneable surface areas enabled by a crystal engineering approach that represents a 
fruitful strategy for the design of high connectivity platforms based on simple and readily 
available MBBs and linkers. 
 
Multi-Nodal Networks: Zeolite-Like Materials. 
In this section, we mainly focus on multi-nodal networks that cannot be clearly 
categorized in terms of connectivity and deserve special attention since their underlying 
structure is zeolitic. MBBs constructed from In3+ have afforded a structurally diverse 
range of MOMs with anionic tetrahedral [In(CO2)4]
-88 MBBs and cationic trigonal 
prismatic [In3(μ3-O)(CO2)6]
+89 MBBs representing the primary examples. In 2010, Bu et 
al. reported elegant examples of zeolite-like structures (CPM-5)90 sustained by such 
polyhedra linked by triangular btc3- nodes. Trigonal prismatic MBBs form st-SBBs 
(Figure 1.11, left) that are nested within a sodalite, sod, cage sustained by tetrahedral 
nodes (Figure 1.11, right). 
This results in a pore partitioning effect which, together with the presence of 
UMCs and the anionic charge of the framework, facilitates high uptake of carbon dioxide 
and, especially, hydrogen, even though the apparent BET surface area is relatively low 
(580 m2/g). A related structure with sod topology and two distinct sod cages was reported 
in 2012.91 One cage is very similar to those which sustain CPM-5 and contains In/M3O 
(M = Mg, Mn, Co, Ni, Cd) mixed metal trimers. The other cage contains M3O trimers that 
serve only as 3-connected nodes and are dangling into the sodalite cage.  
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Figure 1.11. Schematic of zeolite-like CPM-5. The st-SBB formed by In3O-trimers linked by btc
3- in CPM-
5 (left). Peripheral carboxylates coordinate to tetrahedral In(CO2)4
- nodes that form a sod cage (right). 
 
The apparent surface area and uptakes for carbon dioxide and hydrogen were 
lower than CPM-5, however a high CO2/N2 selectivity was observed. In addition to the 
examples detailed above, In3O-trimers are versatile enough to sustain diverse nets
92 with 
branched or functionalized ligands, including nia,93 or acs nets with entrapped metal 
clusters.94 
 
2-Step Crystal Engineering: New Families of Multi-Nodal Frameworks. 
As previously mentioned, MOMs constructed from trigonal prismatic MBBs are 
chemically robust and structurally rigid. However, especially in the case of chromium, 
they tend to form microcrystalline powders. This is exemplified by the dearth of 3-
periodic networks containing the [Cr3(μ3-O)(CO2)6] trigonal prism that have been 
investigated by single crystal X-ray diffraction. Rather, structure solutions derived from 
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powder diffraction data have tended to be utilized, thereby inhibiting the study of subtle 
structural features. Recently, we addressed this matter through a 2-step crystal 
engineering strategy95 that relies on preformation of a decorated MBB which is 
subsequently connected through a different metal node to yield 3-D network structures. 2-
step synthetic strategies were previously known in the context of MOMs96 and have great 
potential to increase structural diversity. However, they remain largely unexplored. Our 
2-step synthetic approach involves isolation of a trigonal prismatic primary molecular 
building block (tp-PMBB-1) in the first step.  
 
 
Figure 1.12. Schematic of the 2-step crystal engineering strategy that afforded tp-PMBB-1-stp-1. The tp-
PMBB is prepared (decorated) in step 1 and then linked to Cd2+ at room temperature in step 2. 
 
In the second step, this highly soluble tp-PMBB is dissolved and coordinated to 
various metal cations through its six exodentate pyridyl moieties (Figure 1.12). We 
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initially explored nets that are cationic since they are sustained by both metal-carboxylate 
and metal-pyridine bonds. The first three isolated examples were found to exhibit snx, 
snw and stp topologies respectively, with the second metal cation being Ag+ or Cd2+. 
Since stp networks possess a modular nature and contain exchangeable anions in 
the nanoporous channels, we selected this particular topology as a blueprint for the 
generation of a new MOM platform.97 Three other decorated tp-PMBBs were synthesized 
and we were able to demonstrate the generality of the 2-step strategy in an isoreticular 
fashion. In this context, the tp-PMBBs formed by nicotinate98 (tp-PMBB-2), -(4-
pyridyl)benzoic acid (tp-PMBB-3) and trans-3-(3-pyridyl)acrylic acid (tp-PMBB-4) were 
isolated. 
After rendering these MBBs into stp topology MOMs, the pore size was increased 
up to 3.0 nm (tp-PMBB-3-stp-1), which has thus far been seen in only a few MOMs.99 In 
addition, selective binding of large organic anionic guests was observed to induce a 
breathing effect in tp-PMBB-4-stp-1 during single crystal-to-single crystal (SCSC) 
transformations. In contrast, small inorganic anions or the use of various solvents did not 
change the cell parameters. We also demonstrated that anion exchange in a cationic acs 
net, tp-PMBB-2-acs-1, can profoundly impact gas sorption performance towards carbon 
dioxide with a >250% increase in uptake. The 2-step crystal engineering strategy was also 
recently employed to generate two novel frameworks with acs and stp topologies that are 
based on two types of MBB,100 an amino-benzoate decorated Cr3O-trimer MBB and a 
[Cu3(μ3-Cl)(NH2-R)Cl6]-cluster that had hitherto not been used in MOMs. Different 
connectivity of the decorated tp-PMBBs resulted in free amino-groups lining the 
hexagonal channels of the stp net that exhibits enhanced affinity for CO2.  
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In contrast to uninodal and binodal networks, trinodal networks composed of three 
different polygons or polyhedra are scarce and no versatile platform has yet emerged. 
This might be associated with the difficulty of controlling a self-assembly process when 
several competing functional groups are present in a one-pot reaction.  
 
 
Figure 1.13. Self-assembly of a trinodal net. A preformed trigonal prismatic MBB (tp-PMBB-1) is reacted 
in step 2 with Zn2+ tetrahedral and btc3- triangles to afford the trinodal 3,4,6-c asc network. 
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We applied our 2-step strategy to three nodes by linking tp-PMBB-1 to tetrahedral 
Zn2+ cations which in turn coordinate to two triangular btc3- anions (Figure 1.13). The 
resulting network represents the first MOM with the trinodal 3,4,6-connected asc 
topology, tp-PMBB-1-asc-1.101 These networks are platforms since network components 
could be systematically varied with retention of topology.  
Specifically, tetrahedral Zn2+ was substituted by tetrahedral Cd2+ cations and 
triangular btc3- anions were replaced by expanded variants such as 1,3,5-tris(4-
carboxyphenyl) benzene (btb3-) or 4,4’,4’’-[1,3,5-benzenetriyltris(carbonylimino)] 
trisbenzoic acid (btctb3-). The resulting structures contained nanocages of dimensions 
39 x 19 Å (btb3-) and 47 x 23 Å (btctb3-). The parent structure, tp-PMBB-1-asc-1, is 
permanently porous (BET: 1671 m2/g) and shows moderately strong uptake for carbon 
dioxide (273 K, 298 K) and hydrogen (77 K). More importantly, from a practical 
perspective, tp-PMBB-1-asc-1 exhibits chemical stability in hot organic bases and water, 
a challenging but relevant requirement with respect to most industrial applications of 
porous materials.102 
The solvent also represents an opportunity for fine-tuning the pore walls and 
sorption properties since, when crystals of tp-PMBB-1-asc-1 were immersed in hot 
pyridine, it was found that the terminal water ligands could be exchanged for pyridine 
ligands in a SCSC transformation. 
Soaking of crystals in water for several days and subsequent activation indicated 
no loss of surface area. The asc network is therefore highly versatile since it offers several 
approaches to fine-tuning of structure and properties. This enables systematic 
structure/function studies that are important both fundamentally and practically. 
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Figure 1.14. Self-assembly of functionalized lon-e-a networks. A 2-periodic undulating kag lattice is triply 
cross-linked by tp-PMBB-1 to afford an eclipsed arrangement of layers and hexagonal pores along [001]. 
Orange spheres represent the 5-position of 1,3-bdc linkers, a site that is readily fine-tuned. 
 
Very recently, we utilized our 2-step approach to address a new pillaring strategy 
for undulating kagomé (kag) networks103 which transforms them into a new and versatile 
class of 3-periodic MOMs with augmented lonsdaleite-e (lon-e-a) topology 
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(Figure 1.14).37 The kag network was generated using all of 9 different angular linkers, 
including 1,3-bdc with various functional groups at its 5-position and 2,5-
furandicarboxylate. From a crystal engineering perspective, we took advantage of the 
flexible nature of tp-PMBB-1 to facilitate a fit with the three tilted paddlewheel moieties 
of the 2-D kag net. 
The resulting st-SBBs are connected in a corner-sharing fashion and thus afford a 
lon-e-a network with hexagonal channels along [001]. These channels are lined by the 
functional groups that lie at the 5-position of the 1,3-bdc ligands. This platform was 
systematically studied in terms of gas sorption performance with respect to carbon 
dioxide. The surface areas of the variants are considerably different but the uptakes were 
observed to correlate with functionality rather than surface area with the following trend: 
t-Bu > H ≈ fdc ≈ NO2 > Br. This agrees with studies on functionalized DMOFs.
104 We 
also investigated the effect of functional groups on methane adsorption and found a 
considerable increase in affinity when pore walls are lined with alkyl-groups and pore 
space is smaller. The observed heats of adsorption Qst of the best performing variants 
were found to be amongst the highest values reported to date105 and validate the use of 
alkyl groups to enhance methane-framework interactions. 
In summary the 2-step synthetic strategy can generate charged networks from 
trigonal prismatic MBBs that possess large solvent accessible channels that enable facile 
anion exchange. Further, this inherently modular approach enables precise control over 
the assembly process that cannot be so easily achieved in one-pot reactions, thereby 
facilitating generation of new multi-nodal platforms. These multi-nodal platforms offer 
systematic structure/property studies. 
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CHAPTER TWO: 
Network Diversity via Decoration of Trigonal Prismatic Nodes: Two-Step Crystal Engineering 
of Cationic Metal-Organic Materials (MOMs) 
 
Note to Reader 
Portions of this chapter have been previously published in Angew. Chem. 2011, 123, 
11623-11626; Angew. Chem. Int. Ed. 2011, 50, 11421-11424 and have been reproduced with 
permission of John Wiley and Sons. 
 
Introduction 
During the past decade porous metal-organic material (MOM) networks constructed from 
metal based nodes (metal ions or metal clusters) and bridging organic ligand (linkers) have 
attracted ever increasing scientific interest.1 Their modular nature imparts structural and 
compositional diversity, tunable functionality and multiple properties within a single material. In 
particular, that MOMs can exhibit extra-large surface area means that they represent a uniquely 
promising class of materials to solve technological challenges related to gas storage and 
separation, environmental remediation, catalysis, sensing and drug delivery.  
Crystal engineering2 played a major role in the early development of MOMs as 
exemplified by the high symmetry nets that can be generated by linking polygonal or polyhedral 
nodes such as tetrahedra (dia),3 octahedra (pcu),3c squares (nbo),3c, 4 and trigonal prisms (acs).5 
These nets might be described as platforms because they are fine-tunable in terms of both scale 
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and properties as there are many nodes and linkers that can sustain these structures. Pyridyl 
linkers such as 4,4’-bipyridine were initially exploited in such a capacity6 but the majority of 
extra-large surface area MOMs are based upon carboxylate linkers such as benzene-1,3-
dicarboxylic acid (1,3-BDC),7 benzene-1,4-dicarboxylic acid (1,4-BDC)8 and benzene-1,3,5-
tricarboxylic acid (btc).9 Such linkers complement synthetically accessible and highly 
symmetrical metal carboxylate nodes such as [Cu2(CO2)4], [Zn4(µ4-O)(CO2)6] and [M3(µ3-
O)(CO2)6] (M = Cr, Fe). The exploitation of [Cu2(CO2)4], the “square paddlewheel”, has proven 
to be particularly fruitful since ligand design10 or the use of mixed ligands11 facilitates a plethora 
of highly porous polyhedral nets. [M3(µ3-O)(CO2)6], the “trigonal prism”, has also afforded 
highly porous materials, as exemplified by MIL-10012 and MIL-101.13 However, even though 
this node is remarkably robust,14 its structures tend to form only microcrystalline materials and 
require harsh synthetic conditions. We describe herein a crystal engineering strategy that exploits 
preformed molecular building blocks (MBBs) based upon water stable trigonal prisms that are 
decorated with pyridyl moieties. A 2 step modular approach that opens up a broad new class of 
bimetallic MOMs is thereby facilitated.  
 
Two-Step Crystal Engineering 
Two step processes to form heterobimetallic frameworks are known15 and are based on 
the synthesis of a metal complex which is subsequently connected to a different metal ion. To the 
best of our knowledge, high connectivity metal complexes that afford high symmetry nets with 
high porosity have not yet been studied in this context. Our 2-step process involves isolation of a 
trigonal prism decorated by pyridyl moieties and then coordinating this highly soluble trigonal 
prismatic Primary Molecular Building Block (tp-PMBB-1) to different metals through its six 
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exodentate pyridyl moieties (Figure 2.1). We coin the term PMMB to draw analogies to the 
primary building unit (PBU) in zeolite chemistry. In this context the different connections of 
PMBBs to various Secondary Molecular Building Blocks (SMBBs) lead to the structural 
diversity. This approach enables us to exploit both metal-carboxylate and metal pyridyl bonds 
and ensures that the nets thereby generated will be positively charged. The first three examples 
of such nets, tp-PMBB-1-snx-1, -snw-1 and -stp-1, (nomenclature describes both the primary 
building block and the topology of the resulting net) are described herein. 
 
 
Figure 2.1. The 2-step process that affords tp-PMBB-1-snx-1. tp-PMBB-1 is prepared hydrothermally then 
dissolved and layered with Ag+ in an aqueous environment at room temperature to yield crystals of tp-PMBB-1-snx-
1. Anions, solvent molecules and hydrogen atoms are omitted for clarity. 
 
tp-PMBB-1 [Cr3(µ3-O)(isonic)6]
+ (isonic = pyridine-4-carboxylate)16 represents a discrete 
and robust “hexapyridyl” 6-connected node that is well-suited for the subsequent synthesis of a 
plethora of networks with nanoscale features. Its coordination chemistry with two metals is 
detailed herein: a linear but bendable linker (Ag+) and a rigid square planar metal node (Cd2+). 
Our results demonstrate the ability of Ag+ to exist in non-linear geometry and facilitate two new 
network topologies for trigonal prismatic nodes, snx (six connected net x) (6-c) and snw (six 
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connected net w) (6-c), rather than the default acs net.5 Results containing a cationic net with acs 
topology formed by another tp-PMBB are detailed in Chapter Six. For the rigid CdN4-node we 
anticipated stp (square trigonal prism) (4,6-c) topology17 consisting of a trigonal prismatic and a 
rectangular vertex figure, and the first nanoporous variant of this net was indeed isolated.  
 
 
Figure 2.2. Single crystal X-ray structure and topology of tp-PMBB-1-snx-1. a) In addition to the expected 6-
connected secondary molecular building blocks (SMBBs), the framework of tp-PMBB-1-snx-1 contains 3-and 4-
connected SMBBs; b) Schematic of the SMBBs, each corner is a tp-PMBB-1; c) Schematic of the snx net. 
 
[Cr3(µ3-O)(CO2)6] trigonal prismatic complexes are well and long known
18 and they are 
readily accessible by either reflux of stoichiometric amounts of reactants in organic solvents or 
simply by evaporation of aqueous solutions. tp-PMBB-1 is likewise accessible from 
hydrothermal synthesis (for structural and synthetic details, see Appendix A) and based on our 
experience with [Ag(4,4’-bipyridine)] nets,19 we linked it with Ag+ cations. tp-PMBB-1-snx-1 
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and -snw-1 were prepared by layering AgNO3 or AgBF4 onto a solution of the nitrate salt of tp-
PMBB-1. Light green hexagonal crystals of tp-PMBB-1-snx-1 and light green octahedral 
crystals of tp-PMBB-1-snw-1, respectively, were harvested. Planar nets formed from Cd(II) and 
4,4’-bipyridine have been known for some time20 and dark green needle-shaped hexagonal 
crystals of tp-PMBB-1-stp-1 were obtained by layering a solution of Cd(NO3)2 onto a solution of 
the nitrate salt of tp-PMBB-1. The crystal structures of tp-PMBB-1-snx-1, -snw-1 and -stp-1 
were determined by single crystal X-ray diffraction data (Appendix A) and their topologies were 
determined by using TOPOS21 and the RCSR database.22 
 
Structures 
{Ag3[Cr3O(isonic)6(H2O)3](NO3)4} · x H2O, tp-PMBB-1-snx-1, crystallizes in the 
hexagonal space group P63/mmc and its tp-PMBB-1 moieties possess -6m2 symmetry. The tp-
PMBB-1 nodes are linked by two crystallographically distinct Ag+ cations via the nitrogen atom 
of the pyridine moiety. The slightly bent geometry of the linkers facilitates the 3-, 4- and 6-
connected SMBBs (Figure 2.2) needed for snx topology. The 6-connected SMBBs enable 
mesoporous hexagonal channels of diameter ~2.4 nm running along [001]. The trigonal and 
square rings enable channels of diameter ~1.6 nm and ~1.7 nm, and cavities (see Appendix A) 
respectively. The empty space in this structure was calculated to 85.7% using PLATON.23 
{Ag3[Cr3O(isonic)6(H2O)3](NO3)4} · y H2O, tp-PMBB-1-snw-1, is a second crystalline 
phase obtained during the reaction that afforded tp-PMBB-1-snx-1 and it is a supramolecular 
isomer1a of tp-PMBB-1-snx-1 (Figure 2.2). The N-Ag-N bond angles in tp-PMBB-1-snw-1 are 
different and facilitate corner sharing 4-connected as well as 6-connected SMBBs as required for 
snw topology (Figure 2.3). The hexagonal channels in tp-PMBB-1-snw-1 are 2.14 nm in 
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diameter (yellow cylindrical rods in Figure 2.3b) and they are connected by two trigonal 
prismatic vertices compressed in the c-direction that run along [100] and [010]. There are no 
channels along [001]. tp-PMBB-1-snw-1 shows the largest empty space of the structures 
reported herein, with a value of 87.4%. 
 
 
Figure 2.3. Single crystal X-ray structure and topology of tp-PMBB-1-snw-1. a) Structural and schematic 
representations of the 4-connected SMBBs in tp-PMBB-1-snw-1; b) Left: Single crystal X-ray structure of tp-
PMBB-1-snw-1 viewed along [010]; c) The hexagonal channels also run along [100] (Hydrogen atoms, anions and 
water molecules are omitted for clarity, hexagonal channels are highlighted with yellow cylindrical rods; d) 
Schematic of the new snw topology. 
 
{[Cd(H2O)2]3[Cr3O(isonic)6(H2O)3]2(NO3)8} · x solv (solv = DMF, MeCN), tp-PMBB-1-
stp-1, was obtained by linking tp-PMBB-1 to Cd(II) and forming a CdN4 node (Figure 2.3a). tp-
PMBB-1-stp-1 crystallizes in the hexagonal space group P6/mmm and consists of square plane 
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linked trigonal prisms (Figure 2.4b) that sustain the previously known stp (4,6-c) topology17 
(Figure 2.4c). The 4-connected ring SMBBs (Figure 2.4b) enable 1.9 nm channels along [001]. 
The void volume of tp-PMBB-1-stp-1 was calculated to 69.1%. 
 
 
Figure 2.4. Single crystal X-ray structure and topology of tp-PMBB-1-stp-1. a) Connection of four tp-PMBB-1 
nodes by a Cd2+ node; b) 4-connected ring SMBB in tp-PMBB-1-stp-1; c) Structure of tp-PMBB-1-stp-1 showing 
hexagonal channels along [001]; d) Schematic of the stp net comprising of 6- and 4-connected nodes (6,4). 
 
Anion Exchange 
Since all three frameworks possess cationic charge and nanoscale channels we 
anticipated that they would be suitable for anion exchange. We selected tp-PMBB-1-stp-1 to 
study anion exchange using NaBF4 in DMF at room temperature. The replacement of NO3
- by 
BF4
- was confirmed by FT-IR spectroscopy (Appendix A) and the measurement of unit cell 
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parameters before and after anion exchange indicates that this is a single-crystal to single-crystal 
transformation. 
Conclusions 
The 2-step approach we describe herein has been addressed previously15 but it remains 
atypical for synthesis of MOMs. In the present situation the 2-step approach is advantageous 
since it is a modular method and facilitates the growth of large single crystals under ambient 
aqueous conditions. The flexibility of both the tp-PMBB-1 building block, as exemplified by the 
series of MIL-88,24 and the N-Ag-N linkages, facilitate the snx and snw structures reported 
herein rather than the default acs net. In conclusion, we have demonstrated that tp-PMBB-1, a 
trigonal prismatic node decorated with pyridyl groups, can be linked in a 2-step process through 
linear or square metals and thereby afford three nanoporous cationic MOMs. The generality of 
this approach is likely to be high and we anticipate a large variety of new network structures 
based upon tp-PMBB-1 and related nodes.  
 
Experimental Procedures 
The nitrate salt of tp-PMBB-1 was synthesized by a modified literature procedure.25 tp-
PMBB-1-snx-1 and -snw-1 were synthesized by layering either AgNO3 or AgBF4 dissolved in 
1:1 PEG(400)/H2O onto a solution of the nitrate salt of tp-PMBB-1 in 4:1 PEG(400)/H2O. Pure 
tp-PMBB-1-snw-1 could not be isolated. tp-PMBB-1-stp-1 was synthesized by layering a 
Cd(NO3)2 solution (DMF/MeCN = 1/2) onto a solution of the nitrate salt of tp-PMBB-1 in 
DMF/MeCN = 2/1 with a separation layer of DMF/MeCN = 1/1 in between. (For detailed 
synthetic procedures, see Appendix A) 
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CHAPTER THREE: 
The asc Trinodal Platform: Two-Step Assembly of Triangular, Tetrahedral and Trigonal 
Prismatic Molecular Building Blocks 
 
Note to Reader 
Portions of this chapter have been previously published in Angew. Chem. 2013, 125, 
2974-2977; Angew. Chem. Int. Ed. 2013, 52, 2902-2905 and have been reproduced with 
permission of John Wiley and Sons. 
 
Introduction 
Metal-Organic Materials (MOMs) assembled from metal-based or organic molecular 
building blocks (MBBs) and organic linkers (spacers) have attracted increasing scientific interest 
during the past decade.1 Their structure (especially their modularity) and properties (especially 
extra-large surface area) have made them an attractive class of porous materials for applications 
including gas purification and storage, catalysis, small molecule separations and chemical 
sensing. In comparison to their purely inorganic analogues (e.g. zeolites) their surface areas and 
their amenability to fine tuning of composition affords an exceptional level of control over 
physicochemical properties.  
In this context, the application of crystal engineering,2 the rational design and assembly 
of functional crystalline solids, to MOMs has afforded a large variety of 2-D and 3-D networks. 
MBBs most typically consist of metal carboxylate or metal pyridine clusters where the peripheral 
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points of extension dictate the respective geometrical building units, corresponding to a vertex 
figure that can be reduced to a single vertex. Uninodal nets with one kind of vertex represent a 
large number of MOMs and include those sustained by 3- (srs,3 ths4), 4- (dia,5 nbo6), 6- (pcu,1d, 
4b, 7 acs8), 8- (bcu9) or 12- (fcu10) connected nodes. These high symmetry nets are typically fine-
tuned through the organic linker(s) and have spawned the concept of isoreticular chemistry.11 
High symmetry MBBs have also been exploited to generate binodal nets with one kind of edge 
(edge-transitive),12 like the copper-paddlewheel [Cu2(CO2)4] (3,4-c, tbo,
13 pto14) square MBB or 
the basic zinc acetate [Zn4(µ4-O)-(CO2)6] octahedral MBB (3,6-c, qom)
15 in which the second 
node is a 3-connected organic moiety. However, only a handful these nets might be described as 
platforms for which the underlying topology can serve as a blueprint for the generation of a wide 
range of related materials through judicious selection of the MBBs. Ligand substitution and 
modification have been studied in this context as exemplified by uninodal 6-c pcu (IRMOFs)11a 
and binodal 3,24-c rht16 platforms. 
 
Concept 
In contrast, high symmetry trinodal nets (edge-two-transitive) sustained by three different 
polygons or polyhedra remain rare despite their potential to afford new topologies17 and, to the 
best of our knowledge, there are not yet any that are versatile enough to serve as platforms. We 
believe that this is largely related to the difficulties associated with controlling the stoichiometry 
and order of self-assembly of three or more different MBBs in a one-pot reaction. We address 
these handicaps herein by applying our recently reported 2-step crystal engineering strategy18 
and thereby generate the first trinodal metal-organic material platform. 
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The “2-step” approach relies upon first preparing a trigonal prismatic Primary Molecular 
Building Block (tp-PMBB) based on [Cr3(µ3-O)(CO2)6] clusters decorated with 6 coordinating 
ligands.19 The hexapyridyl variant, tp-PMBB-1, is soluble, cheap and robust and can 
subsequently be used for the preparation of binodal nets.18 In this contribution we describe how 
tp-PMBB-1 can be reacted with tetrahedral (Zn2+, Cd2+) and three triangular MBBs (1,3,5-
benzenetricarboxylic acid, H3btc; 1,3,5-tris(4-carboxyphenyl) benzene, H3btb; 4,4’,4’’-[1,3,5-
benzenetriyltris(carbonylimino)] trisbenzoic acid, H3btctb) in N,N-dimethylformamide (DMF) 
(see Appendix B for further details) to afford the first four examples of trinodal networks 
involving triangular, tetrahedral and trigonal prismatic building blocks. 
 
Structures 
In the prototypal compound tp-PMBB-1-asc-1, the trigonal prismatic cluster 
[Cr3O(isonic)6(H2O)3]
+ (isonic = pyridine-4-carboxylate) coordinates to six Zn2+ cations that in 
turn are coordinated to two btc3- anions and another trigonal prism. The resulting tetrahedral 
MBB, Zn(CO2)2(py)2, is well known for its role in sustaining hydrogen-bonded
20 and 
diamondoid networks.21 The D3h symmetry of btc
3- complements that of tp-PMBB-1 (also D3h) 
and the tetrahedral Zn(CO2)2(py)2 nodes to form the first example of an asc topology MOM. The 
novelty of the underlying net topology was assessed using TOPOS22 in conjunction with the 
RCSR23 database. The unique three letter code asc has been assigned in the RCSR database and 
is used herein. Attempts to synthesize tp-PMBB-1-asc-1 in a one pot reaction were unsuccessful. 
{Zn3btc2[Cr3O(isonic)6(H2O)2(OH)]} ∙ x DMF, tp-PMBB-1-asc-1, crystallized in the 
hexagonal space group P-62m with one formula unit per unit cell. Six crystallographically 
equivalent tetrahedral Zn2+ nodes are each coordinated by two 1,3,5-benznetricarboxylate ligands 
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in a monodentate fashion which are in turn coordinated to three Zn2+ cations resulting in an 
overall honeycomb-like 2-periodic layered structure. 
 
 
Figure 3.1. Self-assembly of three MBBs affords the trinodal net tp-PMBB-1-asc-1. Selected fragments from the 
crystal structure are shown in grey: C, red: O, blue: N, green: Cr, cyan: Zn. Synthesis of tp-PMBB-1 then reaction 
with Zn2+ and H3btc yielded a hexagonal symmetry open framework structure (hydrogen atoms omitted for clarity). 
56 
 
The resulting layers are pillared by tp-PMBB-1 moieties via the remaining bindings sites 
of the Zn2+ cations to form the 3-periodic asc framework with cavities of around 22 x 13 Å and 
~10 Å windows (Figure 3.1 and 3.2a). The open hexagons in each layer are capped on both sides 
by two tp-PMBBs resulting in a cage with dimensions of around 14 x 10 Å. This assembly is 
composed of edge shared 4-c and face shared 6-c Secondary Molecular Building Blocks 
(SMBBs, Figure 3.2b). The framework accessible free volume was calculated to be 64.8% using 
PLATON.24 An isostructural network, tp-PMBB-1-asc-1-Cd was obtained under similar reaction 
conditions (see Appendix B) and thus validates that the tetrahedral Zn-node can be replaced by 
another divalent metal cation. 
 
 
Figure 3.2. Single crystal X-ray structure of tp-PMBB-1-asc-1. a) Representation along [001] (hydrogen atoms 
omitted for clarity); b) Schematic of the 4- and 6-connected ring SMBBs (trigonal prisms: blue, tetrahedra: yellow, 
triangles: red); c) Topological representation of the new trinodal (3,4,6)-c net. 
 
The modular nature of tp-PMBB-1-asc-1 prompted us to use expanded (btb3-) and 
functionalized (btctb3-) variants of btc. {Zn3btb2[Cr3O(isonic)6(H2O)2(OH)]} ∙ x DMF, tp-
PMBB-1-asc-2, and {Zn3btctb2[Cr3O(isonic)6(H2O)2(OH)]} ∙ x DMF, tp-PMBB-asc-3, also 
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crystallize in the hexagonal space group P-62m and exhibit asc topology (Figure 3.3). The angle 
between the pyridine moieties at the Zn2+ centers is more acute because of bidentate coordination 
by the carboxylate moieties. This results in a slightly shorter c dimension in comparison to tp-
PMBB-1-asc-1. The increased lengths of the ligands enables large nanocages of 39 x 19 Å (btb3-) 
and 47 x 23 Å (btctb3-) with ~14-15 Å windows (Figure 3.3) and free volume of >80%. 
 
 
Figure 3.3. Single crystal X-ray structures of tp-PMBB-1-asc-2 and tp-PMBB-1-asc-3. a) Unit cell of tp-PMBB-1-
asc-2; b) View along [001]; the btb3- linker enables the formation of ~15 Å channels; c) Unit cell of tp-PMBB-1-
asc-3; d) The triangular linker provides amide functionalization to the large nanocages which are viewed along 
[010] (hydrogen atoms and ligand disorder omitted for clarity). 
 
Gas Adsorption Properties 
Trigonal prismatic and Zn(CO2)2(py)2 MBBs form robust networks, which prompted us 
to evaluate the gas sorption behaviour of tp-PMBB-1-asc-1. Crystals of tp-PMBB-1-asc-1 were 
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activated by soaking in hot DMF overnight25 followed by immersion in hot acetonitrile to 
exchange DMF before being degassed at room temperature for 16 h under dynamic vacuum. The 
N2 adsorption at 77 K exhibits a type I isotherm characteristic of microporous materials and 
reveals an overall uptake of 428 cm³/g near 1 bar. The apparent surface corresponds to a 
Brunauer-Emmet-Teller (BET) surface area of 1671 m²/g and a Langmuir surface area of 
1861 m²/g (for details, see Appendix B). 
 
 
Figure 3.4. Reversible carbon dioxide (273 K, 298 K) and hydrogen (77 K) gas adsorption isotherms for tp-PMBB-
1-asc-1. 
 
Hydrogen (77 K) and CO2 (273 K, 298 K) adsorption isotherms were also recorded and 
are presented in Figure 3.4. tp-PMBB-1-asc-1 exhibits CO2 uptake of 136 cm³/g (21.1 wt%) at 
273 K which is relatively high compared to other classes of porous materials.26 The isosteric heat 
of adsorption (Qst) for CO2 was calculated to ~26 kJ/mol at low loading and remains relatively 
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steady to higher loadings (for details see Appendix B). The hydrogen uptake at 77 K of tp-
PMBB-1-asc-1 is 2.1 wt% at 1 bar which is high in the context of MOMs without open metal 
sites.27 We refer here to compounds without open metal sites since H2O removal at Cr
3+ trimeric 
clusters requires temperatures >200°C.28 Therefore coordinated water molecules should remain 
bound at the Cr3+ sites in the as tested material as suggested by weight in the thermogravimetric 
analysis starting at around 200°C (see Appendix B). Gas adsorption studies conducted upon tp-
PMBB-1-asc-1-Cd revealed similar surface area and gas uptakes to those of tp-PMBB-1-asc-1 
(for details, see Appendix B). 
 
Stability 
The chemical stability of tp-PMBB-1-asc-1 was addressed by immersing crystals in neat 
pyridine at 105°C for 24hrs. The crystal structure of the exchanged compound, tp-PMBB-1-asc-
1-py (Figure 3.5), revealed that terminal water ligands at Cr3+ had been replaced by pyridine in a 
single-crystal to single-crystal (SCSC) process with retention of structure. 
 
 
Figure 3.5. Single crystal X-ray structure of tp-PMBB-1-asc-1-py. a) tp-PMBB-1-asc-1 after treatment in hot 
pyridine. Water molecules at the Cr3+ coordination sites have been fully replaced; b) Representation of tp-PMBB-1-
asc-1-py along [001] (Hydrogen atoms have been omitted for clarity). 
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This observation is in contrast to the MIL-88 family of frameworks29 which exhibit 
breathing behavior. We believe that breathing is restricted due to the rigidity of the hexagonal 
Zn3btc2 layer which in turn means that single-crystallinity is maintained (see Appendix B). Water 
stability was evaluated by immersing the as-prepared compound in H2O for 24 and 48 hours. The 
powder X-ray diffraction patterns (see Appendix B) match closely. Gas adsorption studies of the 
water exchanged sample after 48 hours, followed by activation resulted in no loss of surface area 
(see Appendix B). 
 
Conclusions 
In summary, we have demonstrated that a new trinodal MOM platform comprised of 
simple and inexpensive triangular, tetrahedral and trigonal prismatic nodes can be prepared using 
a 2-step synthetic process. This process facilitates control over the underlying network of the 
trinodal system and offers many potential variations of nodes, thereby rendering the asc topology 
into a fine-tunable platform that is well-suited to target specific properties. The prototype, tp-
PMBB-1-asc-1, exhibits chemical stability (organic solvents, including bases, and water) and 
relatively high uptake of carbon dioxide and hydrogen in the context of MOMs that are based 
upon saturated metal centers. These features are highly desirable in the context of the 
cost/performance ratio that will be needed to develop MOMs for industrial applications.30  
 
Experimental Section 
tp-PMBB-1-asc-1: [Cr3O(isonicH)4(isonic)2(H2O)3](NO3)5 ∙ 2 H2O (tp-PMBB-1, 
1.42 mmol, 2.00 g) was dissolved in 100 mL of N,N-dimethylformamide (DMF) for 15 min in an 
ultrasonic bath. The solution was filtered and a 5 mL aliquot was placed in a 20 mL scintillation 
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vial. A solution of zinc nitrate hexahydrate (1.08 mmol, 0.322 g) and 1,3,5-benzenetricarboxylic 
acid (0.86 mmol, 0.180 g) in 3 mL of DMF was added and the mixture was heated to 70°C for 
4 days. A dark green crystal of tp-PMBB-1-asc-1 was harvested and used for single crystal X-ray 
crystallographic study. The remaining crystalline product was washed with DMF (3 x 5 mL) and 
MeCN (2 x 5 mL) and dried in air for 1 hour. (yield: ~ 47% based on Cr). 
tp-PMBB-1-asc-1-py: As-synthesized tp-PMBB-1-asc-1 was placed in 20 mL pyridine at 
105°C for 24 h. A light purple single crystal was harvested and used for single crystal X-ray 
crystallographic study. 
Experimental details on the other structures reported herein can be found in Appendix B. 
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CHAPTER FOUR: 
A Family of Porous Lonsdaleite-e (lon-e) Networks obtained through Pillaring of Decorated 
Kagomé Lattice Sheets 
 
Note to Reader 
Portions of this chapter have been previously published in J. Am. Chem. Soc. 2013, 135, 
14016-14019 and have been reproduced with permission of the American Chemical Society. 
 
Introduction 
Metal-organic materials (MOMs) assembled from metal-ions or clusters (nodes) and 
organic multifunctional ligands have attracted considerable scientific interest over the past two 
decades. In particular, the modular nature of their structure and the resulting ability to fine-tune 
properties (especially extra-large surface area) have rendered them as promising candidates for a 
variety of potential applications.1 In comparison to other classes of porous materials (e.g. 
zeolites), the pore dimension and functionality of MOMs are both amenable to fine-tuning by 
applying well-established crystal engineering strategies. This ability to control structure has thus 
far been particularly fruitful in development of materials for gas purification and storage, 
catalysis, small molecule separations and chemical sensing. 
Whereas the design of the structure of MOMs gained momentum following Robson’s 
seminal contributions over twenty years ago,2 exponential growth over the past decade can be 
attributed to the discovery of permanent porosity in MOMs by Kitagawa3 and Yaghi.4 These 
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reports were quickly followed by the discovery that metal-carboxylate clusters could serve as 
nodes for the generation of frameworks with extra-large surface area.5 In this context, the 
following metal carboxylate clusters are particularly versatile at sustaining families of MOMs: 4-
c “square paddlewheels” [M2(RCO2)4]
6; 6-c “basic zinc acetate” octahedra  [Zn4(µ4-
O)(RCO2)6],
5a,5b 6-c trigonal prisms [M3(µ3-O)(RCO2)6] (M = Cr, Fe),
5g,7 12-c 
[Zr6O4(OH)4(CO2)12]
8 clusters. Several of the families of networks sustained by these clusters 
might be described as platforms since their network topology is robust enough to allow 
systematic structure/property studies. Examples of such MOM platforms include pcu,5b tbo,6,9 
nbo10 and rht5f,11 topology nets. In this context, pillared MOMs are of special interest since they 
potentially allow the variation of more than one component and thus further increase the 
possibilities for systematic fine tuning. Axial-to-axial pillared square grids with pcu topology are 
exemplified by hexafluorosilicate (“SIFSIX”) nets12 and pillared paddlewheel nets (“DMOFs”).13 
In these platforms, the axial-to-axial pillaring strategy usually results in saturated metal-centers 
(SMCs). In contrast, ligand-to-ligand pillaring can be accomplished with cross-linked 1,3-
benzenedicarboxylate (bdc2-) linkers which typically afford lvt or nbo topology nets with 
unsaturated metal centers (UMCs) when square grid (sql)14 or hexagonal 2-periodic kagomé 
lattices (kag)15 are pillared, respectively.10  
 
Concept 
In this contribution, we report a new approach to pillaring of kag nets that involves self-
assembly of kag lattices and [Cr3(µ3-O)(RCO2)6] trigonal prismatic Primary Molecular Building 
Blocks decorated by six pyridyl moieties (tp-PMBB-1).16 kag nets based upon paddlewheel 
MBBs15 are an attractive target for study since they can be readily fine-tuned through the 5-
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position of bdc2-17 or through the use of related angular linkers.18 The 5-position of bdc2- linkers 
can also be used for ligand-to-ligand pillaring of kag layers, which usually affords nbo (or fof) 
nets,10 but can also result in ssa (or sty)19 nets, among others. The relationship between nbo/fof20 
and ssa/sty19a nets is addressed in Appendix C. A recently reported method using angular or 
partially flexible trigonal heterofunctional ligands resulted in rtl-type networks21 sustained by 
ligand-to-axial pillared kag nets. An axial-to-axial pillaring strategy by connection of 
unsaturated metal centers (UMCs) similar to that which sustains SIFSIX nets and DMOFs has 
been reported in the case of linear 1,4-bdc2- and dabco/bipy,22 but not for undulating kag lattices 
formed from angular linkers such as 1,3-bdc2-. 
We herein present a new strategy that renders 2-periodic kag lattices into a 3-periodic 
MOM platform - pillaring by a preformed decorated MBB that complements the triangular motif 
that form kag lattices. Specifically, our previously reported trigonal prismatic primary molecular 
building block (tp-PMBB-1),16b,16c a water-stable and easily synthesized hexapyridyl-cluster, 
fulfills the requirements in terms of dimensions and symmetry to serve as a 6-connected pillar 
for the generation of pillared kag networks (Figure 4.1, Figure 4.2b-d). This family of 
compounds is comprised of tp-PMBB-1 clusters that generate a supertetrahedron when they bond 
to the axial sites of the three tilted paddlewheel moieties of a 2-D kag net (Figure 4.1). The 
partial flexibility of trigonal prismatic MBBs7,23 in general, and of tp-PMBB-1 moieties,16b,c in 
particular, enables a good fit with the triangular unit of the kag nets. Connection of the vertices 
of each supertetrahedron then affords an augmented lonsdaleite-e net with lon-e-a topology, tp-
PMBB-1-lon-e. The nomenclature we use represents both the preformed building block (tp-
PMBB-1) and the topology of the resulting net as classified by TOPOS24 in conjunction with the 
terminology rules of the RCSR25 database.  
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Figure 4.1. The hierarchal construction of tp-PMBB-1-lon-e networks involves kag nets that are triply crosslinked 
through 3-fold symmetry pillars (tp-PMBB-1) that connect triangular units. 
 
Suffixes identify the functional group at the 5-position of 1,3-bdc. The formation of a 
diamondoid (dia) net is precluded because the supertetrahedra are forced by the trigonal 
prismatic nature of tp-PMBB-1 into an eclipsed arrangement (for further details see 
Appendix C). We herein report the synthesis, structure and gas sorption properties of nine 
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variants of this platform based upon changing the 5-substituent of bdc2- or the use of 2,5-
furandicarboxylate, fdc2-. 
 
Structures 
{Zn6(5-R-bdc)6[Cr3O(isonic)6(H2O)2(OH)]} ∙ y solv (R = H, CH3, C(CH3)3, NO2, NH2, 
OH, OCH3, Br, solv = DMF, MeOH) and {Zn6(2,5-fdc)6[Cr3O(isonic)6(DMF)3]X} ∙ y solv (X = 
NO3
-, OH-) crystallize in the hexagonal space group P63/mmc with 2 formula units per unit cell.  
 
 
Figure 4.2 Overall structure of tp-PMBB-1-lon-e based on functionalized 1,3-bdc ligands. a) The nine angular 
linkers used to generate tp-PMBB-1-lon-e networks; b) Single kag lattice shown along [001], purple spheres 
represent the position of the R groups attached to each bdc2- linker; c) AAA kag lattices pillared by tp-PMBB-1 
viewed along [001]); d) tp-PMBB-1-lon-e viewed along [110] (hydrogen atoms have been omitted for clarity). 
70 
 
Each variant is based upon a 2-periodic undulating kag net generated by [Zn2(CO2)4] 
paddlewheel MBBs connected by bdc2- or fdc2- linkers (Figure 4.2a). The axial positions of the 
paddlewheel moieties are capped by symmetry and size congruent tp-PMBB-1moieties (D3h vs 
C3v). This leads to eclipsed AAA packing of the kag lattices (Figure 4.2d) with hexagonal 
channels of diameter from 6.9 to 12.2 Å along [001] depending on the steric bulk of R 
(Figure 4.2c). 
 
 
Figure 4.3. Polyhedral cages in tp-PMBB-1-lon-e variants. a) Supertetrahedral, b) truncated trigonal bipyramidal 
and c) octahedral cage sustained by tp-PMBB-1-lon-e (purple spheres represent potential functional groups, 
hydrogen atoms have been omitted for clarity).  
 
This self-assembled structure exhibits 3 distinct cages: the aforementioned 
supertetrahedral cage (Figure 4.3a); a truncated trigonalbipyramidal cage (Figure 4.3b) between 
the eclipsed triangular faces of the kag net; the hexagonal channels form face-shared octahedral 
cages (Figure 4.3c) along [001] (see Appendix C for additional details). 
 
Gas Adsorption Properties 
The synthesis of nine functionalized isostructural lon-e networks facilitated a systematic 
study of this platform in the context of gas sorption, in particular the effect of specific functional 
groups upon gas uptake and heat of adsorption. 
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As-synthesized crystalline samples were activated as follows: Soaking in fresh DMF at 
room temperature for 2 days; immersion in MeCN at rt for 5 days (solvent was exchanged twice 
daily); degassing at rt (until outgas rate <20 μmHgmin-1). The porosity of five variants was 
confirmed by surface area measurements with N2 at 77 K. tp-PMBB-1-lon-e-NH2 and -OH were 
not found to exhibit porosity, which we attribute to blocking of the pores by residual ligands 
and/or lower stability, perhaps caused by electronic effects. Thermogravimetric analysis (see 
Appendix C) revealed a gradual weight loss instead of a plateau for the non-porous variants. 
Such behavior has been observed previously through comparison of MIL-88(Fe)26 and its amino-
functionalized derivative NH2_MIL-88(Fe).
27 The porous tp-PMBB-1-lon-e variants exhibit 
apparent surface areas (Brunauer-Emmet-Teller model) as follows: -fdc: 2071 m2/g, -H: 
1649 m2/g, -NO2: 768 m
2/g, -Br: 732 m2/g, -t-Bu: 546 m2/g. The measured surface areas are 
consistent with the steric bulk of the R group reducing pores and blocking cages. CO2 and CH4 
adsorption isotherms were subsequently collected at 273 K and 298 K (Figure 4.4, top presents 
CO2 isotherms; CH4 isotherms are presented in Appendix C). The isosteric heats of adsorption 
for CO2 are plotted in Figure 4.4 (bottom). 
The effect of functional groups on CO2 uptake is as follows based on 273 K data: t-Bu > 
H ≈ fdc ≈ NO2 > Br. We report herein the uptake per mole of material to mitigate the effect of 
density (for gravimetric uptake values, see Appendix C). Polar groups have been shown to 
enhance CO2 sorption
28 although Walton et al.13d studied DMOFs and found little effect from 
polar groups but considerable effect from methyl groups. 
Their findings are in good agreement with ours, especially for CO2 uptake when alkyl 
groups are present vs Br-substituents. In case of tp-PMBB-1-lon-e variants the uptake values 
correlate with pore size and functionality rather than surface area. This is exemplified by tp-
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PMBB-1-lon-e-t-Bu, which exhibits a higher uptake for CO2 than all of the higher surface area 
variants. Isosteric heats of adsorption were calculated from the 273 K and 298 K data 
(Figure 4.4 bottom) using the virial equation (see Appendix C)29 and range from around 
19 kJ/mol to 26 kJ/mol. 
 
 
Figure 4.4. CO2 adsorption isotherms collected at 273 K and 298 K for five lon-e networks. Isosteric heat of 
adsorption (Qst) of CO2 as determined from two isotherms. 
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In addition, tp-PMBB-1-lon-e-t-Bu exhibits the highest Qst at both zero coverage and 
higher loadings together with the highest Henry constant (KH) among all porous variants (see 
Appendix C). We attribute its better performance to the confined pore space generated by the 
bulky tert-butyl groups. tp-PMBB-1-lon-e-fdc exhibits the highest surface area, which we 
attribute to the smaller size of fdc2- with respect to bdc2-. The introduction of 5-substituents 
considerably reduces surface area, which might be preventing accessibility to the tetrahedral and 
the trigonal bipyramidal cages. Other structural features, e.g. the angle subtended at the flexible 
tp-PMBB-1 moiety (differences in C-μ3O-C angles are < 1°) are invariant. Further studies to 
address how ligand flexibility might impact on porosity and carbon dioxide sorption are 
currently underway in our laboratory. 
A similar trend in heat of adsorption was observed for CH4 sorption at low pressure. As 
expected, tp-PMBB-1-lon-e-t-Bu exhibits the highest affinity for CH4, which we attribute to van-
der-Waals interactions with the t-butyl groups and narrower pore size. The Qst value of 
20.2 kJ/mol at zero loading is one of the highest reported values and supports the use of alkyl or 
aryl groups to enhance CH4-framework interactions.
30,31 tp-PMBB-1-lon-e-t-Bu also surpasses 
most of the well-known members of the MOF-74 series (Ni: 20.2 kJ/mol; Co: 19.6 kJ/mol; Mn: 
19.1 kJ/mol; Mg: 18.5 kJ/mol)32 as well as MIL-100 and MIL-101 (19 and 18 kJ/mol)33 which 
are also based on trigonal prismatic MBBs. 
 
Conclusions 
In summary, we herein introduce a new MOM platform that is formed by pillaring the 
axial sites of a kag lattice. Nine examples of this platform were prepared by using substituted 
bdc2- and fdc2- linkers. Five variants were found to be permanently porous and CO2 and CH4 
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adsorption measurements reveal that both effects of pore size/pore confinement and functionality 
impact uptake and Qst whereas alkyl groups enhance interactions with CH4. Conversely, organic 
Br moieties were found to exhibit weak interactions with both CO2 and CH4. We anticipate that 
tp-PMBB-1-lon-e will become a versatile platform for facile and systematic study of the 
fundamental and applied aspects of gas adsorption. 
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CHAPTER FIVE: 
Modular 4,6-connected fsb Topology Networks obtained through 2-step Crystal Engineering of 
Decorated Trigonal Prismatic Nodes 
 
Note to Reader 
Portions of this chapter have been submitted for publication to Cryst. Growth Des., a 
journal of the American Chemical Society. 
 
Introduction 
Crystal engineering, the rational design and synthesis of functional materials with desired 
properties, became popular over 20 years ago.1 Initially applied for the synthesis of molecular 
materials, it has also provided an important conception in the development of metal-organic 
materials (MOMs).2 MOMs are assembled from metal ions or clusters and organic 
multifunctional ligands to generate periodic networks. In this context, high symmetry networks 
are of special interest since their bottom up synthesis is facilitated from high symmetry 
molecular building blocks (MBBs) and follow rational design principles. After the early 
exploration of single metal-nodes together with pyridine derived linkers (1st generation), more 
robust 2nd generation MOMs were based on polynuclear high-symmetry metal-carboxylate 
clusters. This enabled the removal of guest species from the channels and cavities of the resulting 
frameworks and led to permanently porous materials.3 Shortly after this breakthrough, MOMs 
gained momentum since, in contrast to other porous materials they impart a modular nature and a 
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high amenability to fine-tuning of properties.4 Subsequently, materials for gas purification and 
storage, catalysis, small-molecule separation and chemical sensing were developed.  
Carboxylate based MOMs, sustained by polyhedral or polygonal nodes, have evolved 
many prototypal networks owing to their various coordination geometries. The predominant 
examples in this context are: 4-c dia2a, 2d and nbo,5 6-c pcu6 and acs,7 3,4-c tbo,8 and 3,24-c rht.9 
These nets might be described as platforms since their underlying network topology serves as a 
blueprint for the generation of families of frameworks by subtle selection of different MBBs.  
In this context, we have previously demonstrated the high amenability of our recently 
developed 2-step crystal engineering strategy10 in the generation of novel MOM platforms. This 
has resulted in isolation of three fine-tunable platforms exhibiting stp,11 asc12 and lon-e13 
topology, respectively. 
 
Concept 
We herein aim to expanding the scope of our 2-step crystal engineering strategy by 
introducing a new platform showing the first examples of metal-organic materials with 4,6-c fsb 
topology. Specifically, our previously reported trigonal prismatic Primary Molecular Building 
Block (tp-PMBB-1), a readily available and water stable cluster,14 that is decorated with 6 
pyridyl moieties was used together with Zn(NO3)2 and dicarboxylate linkers in solvothermal 
reactions. These reactions afforded two frameworks sustained by tp-PMBB-1, a tetrahedral 
Zn(CO2)2(py)2 node and 2,5-thiophenedicarboxylate (tdc) or 1,4-benzenedicarboxylate (bdc) 
(Figure 5.1). The resulting nets were named after their primary building block and their 
underlying topology, as evaluated with TOPOS15 and utilizing an unambiguous three letter code 
as retrieved from the RCSR database,16 tp-PMBB-1-fsb-1 and -fsb-2, respectively. 
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Structures 
{Zn3(tdc)3[Cr3O(isonic)6(H2O)2(OH)]} ∙ x solv, tp-PMBB-1-fsb-1 and 
{Zn3(bdc)3[Cr3O(isonic)6(H2O)2(OH)]} ∙ x solv, (solv = DMF, MeOH) tp-PMBB-1-fsb-2 both 
crystallize in the hexagonal space group P6/mmm with 2 formula unit per unit cell. They show 
only slightly different cell parameters and both networks possess large hexagonal channels along 
[001] with diameters of 1.4 to 1.5 nm. The powder X-ray diffraction patterns of both fsb variants 
(Figure 5.2) match closely. The empty space in these structures was calculated to be 77.2% (fsb-
1) and 74.1% (fsb-2), respectively, using PLATON. 
 
 
Figure 5.1. Self-assembly of tp-PMBB-1-fsb-1 from tp-PMBB-1, a tetrahedral Zn(CO2)(py)2 node and a linear 
dicarboxylate ligand in a 1:3:3 ratio. The different edges (ligands) are shown in red and green. Hydrogen atoms are 
omitted for clarity. 
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Figure 5.2. Powder X-ray diffraction patterns (background corrected) of tp-PMBB-1-fsb-1 and fsb-2 in comparison 
to the calculated patterns from single crystal X-ray diffraction data. 
 
The fsb nets reported herein are built by connection of [Zn6(dicarboxylate)6] 
Supermolecular Building Blocks (SBBs) (Figure 5.3), that are in turn sustained by a 
[Zn(CO2R)2(py)2] tetrahedral MBB, together with linear (or slightly angular) dicarboxylate 
linkers. These SBBs are then connected to the pyridyl moiety of the [Cr3(µ3-O)(RCO2)6] MBBs 
(Figure 5.3). The angle subtended at the carboxylates of 2,5-furandicarboxylate moiety (175°) is 
close to 180° and therefore linear dicarboxylic acids such as 1,4-benzenedicarboxylic acid yield 
the same network topology (Figure 5.4). The topology of the underlying net can be described as 
binodal, because of the trigonal prismatic and the tetrahedral vertex and edge-two transitive, 
because of iso-nicotinate and the dicarboxylates. These networks therefore represent the first fsb 
topology MOMs, however the topology was theoretically predicted before. In addition, networks 
with this topology are not self-dual, i.e. interpenetration is inherently precluded. We note here 
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that the overall 120° angle at the SBB is critical to obtain fsb networks, and slight changes of this 
angle can result in fundamentally different topological outcomes that will not be further 
discussed herein. 
 
 
Figure 5.3. Self-assembly of tp-PMBB-1-fsb-1 from tp-PMBB-1 and the [Zn6(dicarboxylate)6] SBB. Hydrogen 
atoms are omitted for clarity. 
 
 
Figure 5.4. Single crystal X-ray structure of tp-PMBB-1-fsb-2. a) Hexagonal channels are running along [001]; b) 
augmented fsb topology consisting of tetrahedral and trigonal prismatic nodes in a 3:1 ratio. Hydrogen atoms and 
ligand disorder are omitted for clarity. 
84 
 
Conclusions 
In summary, we have shown the high amenability of our 2-step synthetic approach to 
generate novel families of frameworks or platforms. The networks reported herein, represent the 
first metal-organic materials with fsb topology and we were able to demonstrate isoreticular 
principles. We therefore anticipate that the modularity of fsb networks is likely to be high and 
might yield a plethora of derivatives. They could ultimately provide a roadmap towards ultra-
high surface area materials exhibiting mesopores, given that interpenetration is precluded and the 
ready availability of linear dicarboxylate variants. 
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CHAPTER SIX: 
2-Step Crystal Engineering of Metal-Organic Materials from Preformed Trigonal Prismatic 
Molecular Building Blocks 
 
Note to Reader 
Portions of this chapter contain unpublished results. 
 
Introduction 
Metal-organic materials (MOMs) typically consist of metal ions or clusters (nodes) and 
organic multifunctional ligands (linkers) that combine to form 3D network structures. MOMs 
have attracted considerable interest in the past decade because their structure (especially their 
modularity) and properties (especially extra-large surface area) afford MOMs with a diversity of 
composition and unique properties.1 In comparison to other porous materials (e.g. zeolites2), 
MOMs can be easily modified by crystal engineering1c,3 to tailor pore dimensions and 
functionality so as to target specific properties. Applications including gas purification and 
storage, catalysis, small molecule separations and chemical sensing are now being pursued. 
Single metal nodes together with pyridyl ligands were the first class of porous MOMs to 
be investigated4 and continue to be of interest.5 However, metal carboxylate clusters have tended 
to dominate the field since it was first realized that they can serve as nodes in MOMs6 that 
exhibit unprecedented surface area.7 Such clusters are exemplified by “square paddlewheel” 
[Cu2(RCO2)4]
6b 4-connected (4-c) nodes, “basic zinc acetate” [Zn4(µ4-O)(RCO2)6]
6c,8 6-c nodes, 
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trigonal prismatic [M3(µ3-O)(RCO2)6] (M = Cr, Fe)
9 6-c nodes and 12-c [Zr6O4(OH)4(RCO2)12]
10 
nodes. These clusters also exist as discrete molecular compounds and they can therefore be 
termed “molecular building blocks”, MBBs. They allow, in contrast to classical inorganic 
chemistry approaches, the de-novo design of materials in terms of composition and structure. 
Therefore, when such MBBs are connected by organic moieties the resulting families of 
networks might be described as platforms since varying the organic linker while retaining the 
overall topology allows for fine-tuning of properties. The trigonal prismatic [M3(µ3-O)(RCO2)6] 
MBB is long-known11 and can be exploited to afford flexible and/or highly porous networks such 
as MIL-88,12 MIL-1009b,13 and MIL-101.9c Nevertheless, Cr3+ complexes are relatively inert 
which considerably limits the structural diversity of the possible resulting networks. In addition 
synthetic procedures such as solvothermal methods tend to afford thermodynamically favored 
polycrystalline materials. The difficulty in obtaining single crystals in such MOMs means that 
structure simulations have often had to be utilized.14 
We recently described various studies that addressed a new 2-step crystal engineering 
strategy for using [Cr3(µ3-O)(RCO2)6] MBBs to generate MOMs.
15 The first step involved 
synthesis and isolation of [Cr3(µ3-O)(RCO2)6] clusters in which the R group contains 
functionality that is suitable for coordination to a different metal ion in a second step. The 
prototypal trigonal prismatic Primary Molecular Building Block (tp-PMBB-1), [Cr3(µ3-
O)(isonic)6]
+ (isonic = 4-pyridyl carboxylate),16 is decorated with six 4-pyridyl moieties 
(Figure 6.1) that coordinate to Ag+ linkers (2-c linear or bent AgN2) or Cd
2+ nodes (4-c square 
CdN4). The resulting cationic nets therefore contain two metals, one sustained by metal-
carboxylate bonds, the other by metal-pyridine bonds. Our preliminary studies demonstrated 
exchangeable anions in large channels that offer a facile post-synthetic modification17 strategy 
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for fine-tuning of properties. However, 2-step processes to form metal-organic materials are 
known in the open literature for some time,19 they have not yet led to fine tunable families of 
frameworks or “platforms”. Very recently, we have demonstrated that 2-step reactions are 
especially suitable for the syntheses of platforms with novel asc15b or hitherto unexplored lon-
e15c topologies, respectively. 
 
 
Figure 6.1. Four trigonal prismatic Primary Molecular Building Blocks (tp-PMBB-1 - 4) decorated by pyridyl 
moeties. tp-PMBB-1 has been reported15a and is not part of this study. tp-PMBB-2 has also been reported but only as 
a discrete complex.18 tp-PMBB-3 and tp-PMBB-4 were isolated in situ during the generation of 3-D nets. Hydrogen 
atoms have been omitted for clarity. 
 
The advantage over conventional one pot reactions is the preformation/decoration of one 
building block which then enables the organized combination of MBBs and ligands. Herein, we 
expand the scope of this crystal engineering strategy and present further evidence of its 
amenability to generate novel platforms. Specifically, we report the use of three other tp-PMBBs 
and validate their amenability to isoreticular synthesis. Single-crystal to single-crystal (SCSC) 
anion and solvent exchange processes were conducted and single crystal X-ray crystallography 
provided insight into anion and solvent binding sites and their influence upon swelling and 
shrinkage (breathing) of the frameworks. These are widely regarded as key properties for 
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tailoring of materials towards molecular recognition and future sensor applications.20 We also 
reveal that post-synthetic anion exchange can lead to enhanced carbon dioxide uptake. 
 
Experimental Section 
All reagents and solvents were purchased and used without further purification. A typical 
synthesis of 3D nets using tp-PMBBs and the general anion exchange procedure are reported 
below. The detailed synthetic procedures for each new compound that is reported herein are 
available in Appendix E. 
Synthesis of tp-PMBB-4. In a typical procedure, trans-3-(3-pyridyl)acrylic acid (Alfa 
Aesar, 99%, 0.298 g, 2.00 mmol) was dissolved in 100 mL of H2O (deionized) at 80°C together 
with 2 M NaOH (Sigma-Aldrich Inc., 97%, 0.400 g in 5 mL H2O, 0.167 mL). Cr(NO3)3 · 9 H2O 
(Sigma-Aldrich Inc., 99%, 0.400 g, 1.00 mmol) was then added and the resulting solution was 
evaporated to dryness (yield: 100%). The as-isolated crude product was used for the synthesis of 
tp-PMBB-4-stp-1. 
Synthesis of tp-PMBB-4-stp-1. In a typical synthesis tp-PMBB-4 (0.050 g) was dissolved 
in 1.5 mL of 2:1 dimethylsulfoxide (DMSO, Fisher Scientific, 99.9%, 1 mL) and acetonitrile 
(MeCN, Fisher Scientific, 99.9%, 0.5 mL). The resulting solution was placed in a test tube and 
layered with a solution of Cu(OAc)2 · H2O (Sigma-Aldrich Inc., 98+%, 0.10 mmol, 0.02 g) in 
1.5 mL of 1:2 DMSO/MeCN. After 3 days at room temperature, a large blue-green, hexagonal 
crystal suitable for single crystal X-ray analysis was harvested. The rest of the crystalline product 
were collected by filtration, washed with small amounts of MeCN and dried in air (yield: 0.04 g, 
38% based on Cu). 
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Anion exchange. In a typical procedure, the mother liquor was decanted and crystals 
were rinsed with MeOH. A solution of LiX (typically 5% w/v in MeOH, unless described 
otherwise) was added and the crystals were left to stand for 3 days. Solvent was replaced once 
after 36 hrs. 
 
 
Figure 6.2. Isoreticular series of stp networks. a) Previously reported tp-PMBB-1-stp-1 is comprised of tp-PMBBs 
decorated with 4-pyridyl moieties connected to a CdN4 node and exhibits 1.9 nm channels along [001]; b) tp-
PMBB-3-stp-1 is isoreticular and contains ~ 3.0 nm channels; c) tp-PMBB-2 is decorated with 3-pyridyl moieties 
and connects to MnN4 nodes to afford tp-PMBB-2-stp-1, a net with ~ 1.5 nm channels; d) tp-PMBB-4-stp-1 is 
sustained by a trans-3-(3-pyridyl)acrylate tp-PMBB and connected by a CuN4 node to generate a hexagonal net with 
pores of around 2.0 nm along [001]. (inset) M(py)4-node. Hydrogen atoms, multi-atomic anions and solvent 
molecules are omitted for clarity. 
 
Single crystal X-ray diffraction. The X-ray diffraction data for tp-PMBB-2-stp-1, tp-
PMBB-2-rtl-1, tp-PMBB-4-stp-1 and tp-PMBB-4-stp-1-OTs were collected at the Advanced 
Photon Source on beamline 15ID-C of ChemMatCARS Sector 15 [λ = 0.41328 Å, T 
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= 100(2) K]. The remaining datasets were collected using a Bruker-AXS SMART-APEXII CCD 
diffractometer [CuKα, λ = 1.54178 Å), T = 100(2) K]. Indexing was performed using APEX2
21 
(Difference Vectors method). Data integration and reduction were performed using SaintPlus 
6.01.22 Absorption correction was performed by multi-scan method implemented in SADABS.23 
Space groups were determined using XPREP implemented in APEX2.21 Structures were solved 
using SHELXS-97 (direct or Patterson methods) and refined using SHELXL-97 (full-matrix 
least-squares on F2) as a part of APEX221 and WinGX v1.70.0124 program packages. Hydrogen 
atoms were placed in geometrically calculated positions and included in the refinement process 
using riding model with isotropic thermal parameters: Uiso(H) = 1.2Ueq(-CH). 
Powder X-ray diffraction. PXRD was conducted on a Bruker-AXS SMART-APEXII 
CCD diffractometer (CuKα, λ = 1.54178 Å). The data was processed using the XRD2DScan 
4.1.1 program package.25 Calculated PXRD patterns were generated using Mercury CSD 3.0 
software. 
Infrared spectroscopy. FT-IR data were recorded on a Nicolet AVATAR 320 FT-IR 
instrument in a range from 3000 to 600 cm-1 and a resolution of 4 cm-1. Thermogravimetric 
analysis. TGA was conducted on a Perkin Elmer STA6000 instrument under a constant nitrogen 
flow (20.0 mL/min) at different heating rates (see Appendix E for details). Gas adsorption 
experiments. Surface areas and carbon dioxide adsorption isotherms were measured on an ASAP 
2020 surface area and pore size analyzer 
 
Results and Discussion 
Crystal Structure Description and Discussion. We have previously demonstrated that 
isonicotinate decorated tp-PMBBs can be used for the 2-step generation of heterometallic 
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MOMs,15 and herein we show that the related nicotinate decorated tp-PMBB18 (tp-PMBB-2, 
Figure 6.1) can also generate 3-D nets. tp-PMBB-2 was synthesized according to a modified 
procedure18 and then reacted through diffusion with either MnCl2 ∙ 4 H2O, Cu(OAc)2 ∙ H2O or 
Cd(NO3)2 ∙ 4 H2O to afford tp-PMBB-2-stp-1 (Figure 6.2c), tp-PMBB-2-acs-1 (Figure 6.3a, b), 
and tp-PMBB-2-rtl-1 (Figure 6.3c, d). The nomenclature of our materials reflects both the type 
of the building unit (Figure 6.1) and the topology of the resulting network, classified by 
TOPOS,26 in the form of the appropriate 3-letter code retrieved from the RCSR database.27 tp-
PMBB-2-stp-1 (stp = square trigonal prism) crystallizes in the hexagonal space group P63/mcm 
and the trigonal prismatic MBB is connected to a trans-MnN4Cl2 4-c node,
28 resulting in a 4,6-c 
(stp) net. The 120° angle of the nicotinate ligand is compensated by staggered trimeric MBBs 
along [001] (rotated by 60°; Appendix E). The structure possesses hexagonal channels of 1.4 nm 
along [001]. 
When tp-PMBB-2 was reacted with Cu(OAc)2 ∙ H2O in DMF/MeCN a linear 
CuN2(H2O)4 2-c node was formed and resulted in tp-PMBB-2-acs-1, a 6-c (acs) net
9a (for a 
comparison of acs and stp-topologies, see Appendix E). tp-PMBB-2-acs-1 crystallizes in the 
hexagonal space group P63/m and the channels along [001] are also ca. 1.4 nm in diameter. 
When tp-PMBB-2 was reacted with Cd(NO3)2∙ 4 H2O we isolated a 3,6-c (rtl) rutile-type net 
(Figure 6.3c). tp-PMBB-2-rtl-1 crystallizes in the tetragonal space group P-421c and possesses 
~9 Å channels along [001]. It is composed of the 6-c tp-PMBBs and two Cd2+ 3-c nodes of 
formula CdN3(NO3)2(H2O) (Figure 6.3d) and CdN3(NO3)(H2O)2 (see Appendix E). The T-
shaped motif of CdN3(NO3)2 contains 3 pyridyl groups and two bidentate nitrate counterions 
(Figure 6.3d) and has been seen in discrete complexes,29 1-D ladders30 and 2-D herringbone31 
structures. 
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Since linear isonicotinate and angular nicotinate are known to sustain 4,6-c stp nets, we 
applied a reticular chemistry approach8,32 for generation of expanded variants of the nets 
prepared from tp-PMBB-1 and tp-PMBB-2. 4-(4-pyridyl)benzoic acid (tp-PMBB-3), and trans-
3-(3-pyridyl)acrylic acid (tp-PMBB-4) demonstrate that ligand length controls channel size while 
retaining the topology of the parent nets (stp) (Figure 6.2b, d). 4-(4-pyridyl)benzoic acid 
(pybaH) was synthesized using a palladium catalyzed Suzuki cross-coupling reaction followed 
by saponification. pybaH was then used for solvothermal synthesis of tp-PMBB-3 in N,N-
dimethylformamide (DMF). After addition of acetonitrile (MeCN) to the MBB solution and 
layering with a solution of Cd(NO3)2 ∙ 4 H2O, large green hexagonal crystals were harvested 
after 3 days.  
 
 
Figure 6.3. Single crystal X-ray structures of tp-PMBB-1-acs-1 and tp-PMBB-1-rtl-1. a) tp-PMBB-2-acs-1 viewed 
along [001] contains 1.4 nm channels; b) 2-c CuN2(H2O)4 nodes with the angular linker generate a 6-c (acs) net; c) 
tp-PMBB-2-rtl-1 is formed by the hexapyridyl decorated MBB and d) a trigonal, T-shaped CdN3 node. A 3,6-c 
rutile net (rtl) was thereby obtained. Hydrogen atoms have been omitted for clarity. 
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We emphasize here, that a one-pot reaction at rt or under solvothermal conditions did not 
lead to the desired product. tp-PMBB-3-stp-1 crystallizes in the hexagonal space group P6/mmm 
and is built from 4-(4-pyridyl)benzoate decorated tp-PMBBs connected to CdN4 nodes of the 
type seen in square grid networks.4b The pore size and free volume of tp-PMBB-1-stp-1 (1.9 nm, 
69.1%)15a was thereby increased to ~3.0 nm and 83.8% (calculated using PLATON33), 
respectively, by using the expanded linker. 
We anticipated that tp-PMBB-2-stp-1 could also be expanded in a isoreticular manner 
using a trans-3-(3-pyridyl)acrylate decorated MBB. The modularity of this net manifested itself 
via the metal coordinated in step 2 as MnN4Cl2 and CuN4(NO3)2 nodes were thereby generated. 
tp-PMBB-4-stp-1 possesses ~ 2.0 nm channels along [001]. Interestingly, the anions found in the 
framework were observed to be nitrate even though acetate was also used during the synthesis. 
This selective incorporation can be clearly evaluated from single crystal X-ray 
crystallographic data, based on different bond distances of coordinated nitrate and acetate anions 
(for details see Appendix E). 
 
Flexibility through Solvent Exchange 
Network structures sustained by trigonal prismatic nodes are known to undergo solvent 
induced cell parameter changes (breathing) as exemplified by the MIL-889d,12b platform, where 
especially MIL-88D was found to exhibit shrinking and expansion to over 270% of the original 
cell volume.9d We therefore anticipated that tp-PMBB-2-acs-1 would exhibit similar behavior 
but less extreme due to the use of an angular (120°) linker. Crystals of tp-PMBB-2-acs-1, 
originally synthesized in a 1:1 mixture of DMF and MeCN, were immersed in different solvents 
for 3 days. 
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Unit cell parameters of the exchanged compounds were determined (Figure 6.4, see also 
Appendix E) and in the case of exchange with MeOH and EtOH, crystal quality was suitable for 
SCXRD study (see Appendix E). Figure 6.4 details how the a and b cell parameters generally 
increase whereas the c parameter generally decreases according to the bulkiness of the 
exchanged solvent. 
 
 
Figure 6.4. The impact of solvent upon unit the cell parameters of tp-PMBB-2-acs-1. 
 
These findings are in contrast to MIL-88A (fumarate),34 which when in the presence of 
the same solvents (MeOH, EtOH, 1-BuOH) showed an increase in the cell volume inversely 
proportional to the size of the solvent molecule. Later, for MIL-88C (2,6-naphthalene-
dicarboxylate) it was reported that small polar molecules such as methanol induce minor 
breathing whereas larger and more hydrophobic solvents (BuOH) generate a larger swelling.9d 
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These observations were attributed to multiple points of interaction between solvent molecules 
and the related framework and thus no general trend could be derived. The heterometallic acs-
nets reported herein possess even more points to interact with solvent molecules, e.g. the second 
metal cation, than other flexible frameworks reported to date. 
 
Anion Exchange and Permanent Porosity 
Since we have demonstrated the solvent accessibility to the channels in tp-PMBB-2-acs-1 
we anticipated that the nitrate counterions would be exchangeable. Crystals of tp-PMBB-2-acs-1 
were immersed in solutions of BF4
-, OTs- (p-toluenesulfonate) and Br- salts in methanol and 
monitored by IR-spectroscopy (see Appendix E). SCXRD study of tp-PMBB-2-acs-1-Br enabled 
us to determine that the binding site of the bromide is the CuN2 node (see Appendix E). One 
bromide anion is coordinated to Cu2+ and disordered over two positions along with two 
water/solvent molecules. The nitrate counterions in the as-synthesized compound and the 
tetrafluoroborate and para-toluenesulfonate anions could not be located due to weak diffraction.  
We also studied the impact of post-synthetic modification upon carbon dioxide 
adsorption. Crystals of tp-PMBB-2-acs-1 were soaked in methanolic NaBF4 to exchange the 
nitrate anions (>24 h) and then activated under dynamic vacuum at room temperature (12 h). The 
Langmuir and BET surface areas were estimated to be 369 and 229 m²/g respectively, based 
upon CO2 gas adsorption isotherms measured at 195 K (see Appendix E). Whereas the as-
prepared (exchanged in MeOH only) and the bromide exchanged variants were found to exhibit 
negligible adsorption, tp-PMBB-2-acs-1-BF4 adsorbed 59 mg/g CO2 at 273 K and 1 bar 
(Figure 6.4). This corresponds to enhancement of carbon dioxide adsorption of >250% near 1 bar 
and >500% at 0.15 bar.  
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These findings are in agreement with reports on post-synthetic Cu(BF4)2 insertion in 
networks, which also enhanced CO2 uptake,
35 attributed to the addition of the metal cations. Our 
observations are consistent with weakly coordinating BF4
- giving rise to unsaturated metal 
centers, UMCs, after activation of tp-PMBB-2-acs-1-BF4 and affording greater affinity for CO2. 
In addition, the electrostatic nature of fluoro-containing anions (BF4
-) might attribute to the 
overall increased uptake as seen for hexafluorosilicate (“SIFSIX”) nets.5 
 
 
Figure 6.5. CO2 adsorption of tp-PMBB-2-acs-1, tp-PMBB-2-acs-1-Br and tp-PMBB-2-acs-1-BF4 at 273 K. The 
BF4
- exchanged material exhibits an uptake of around 59 mg/g CO2. 
 
Anion Exchange and Breathing Effect in tp-PMBB-4-stp-1 
In terms of cationic frameworks, it has already been established that exchange of extra-
framework anions can occur in inorganic layered double hydroxides (LDH).36 However, despite 
their excellent anion exchange properties, LDHs are of limited utility as they do not exhibit 
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permanent porosity and thus lack the ability to additionally accommodate solvent or gas 
molecules. 
Cationic MOMs have also been studied in context of anion exchange,37 although most 
studies focused upon smaller anions or anions of similar size. The exchange of small or 
moderately sized counteranions for large organic anions within a single material is rare and has 
previously resulted in powdered products.38 Moreover most of the compounds that have thus far 
been studied in this context are 1-D coordination polymers37c that, despite their amenability to 
ligand modification, face the same drawbacks as LDHs. To the best of our knowledge, porous, 
high symmetry 3-periodic networks which can undergo flexible SCSC transformations with large 
organic anions are yet to be reported. We studied tp-PMBB-4-stp-1 in this context since it 
possesses large solvent accessible channels and relatively rigid CuN4 nodes compared to those of 
tp-PMBB-1-acs-1. tp-PMBB-4-stp-1 contains two UMCs, the Cr3+ sites of the tp-PMBBs and 
the cationic Cu2+ sites. SCXRD revealed that the nitrate counterions lie at the axial positions of 
the Cu2+ centers whereas the solvent molecules (DMSO) in the as-prepared material are bound to 
the Cr3+ moieties (Figure 6.6, left). This observation is consistent with previous reports that 
focused upon discrete Cu(py)4(NO3)2 complexes
39 in which monodentate nitrate anions lie trans- 
with respect to each other. In addition, [Cr3(µ3-O)(RCO2)6L3] complexes with L = H2O,
11 
pyridine,40 ROH,41 OH and fluoride,42 are known whereas nitrate counterions tend to be non-
coordinated.41,43 We therefore anticipated that immersion of tp-PMBB-4-stp-1 into methanolic 
metal salt solutions would result in exchange of the anion at the single metal node rather than the 
trigonal prismatic cluster. The exchange process was followed by IR spectroscopy (see 
Appendix E) and, after exchange was complete, single crystals were studied by SCXRD. Infrared 
spectroscopy revealed that nitrate anions had been fully exchanged with BF4
- (Figure 6.8, 
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middle) in a SCSC transformation as indicated by retention of the unit cell parameters (see 
Appendix E). Since tp-PMBB-4-stp-1 possesses very large channels and successful exchange 
with BF4
- was effected, we also probed exchange of nitrate by large organic sulfonate anions. 
This indeed occurred by contact with a methanolic solution of LiOTs. The resulting product was 
analyzed by SCXRD which revealed that p-toluenesulfonate moieties bond to the axial positions 
of the CuN4 node whereas DMSO is replaced by methanol at the Cr
3+ UMCs.  
 
 
Figure 6.6. SCSC anion exchange in tp-PMBB-4-stp-1. As-prepared tp-PMBB-4-stp-1 (left). Nitrate counterions 
bond to the CuN4 node whereas solvent molecules (DMSO) coordinate to the Cr
3+ cations. Exchange with 
methanolic LiOTs afforded tp-PMBB-4-stp-1-OTs (right). Hydrogen atoms are omitted for clarity. 
 
This observation is in agreement with a Cambridge Structural Database44 (CSD, version 
5.34, update Nov. 2012) search which revealed discrete trans-Cu(py)4(OTs)2 complexes
45 and 
tris(sulfonato) ligands in trans-CuN4-based networks.
46 The SO3C- portion of the OTs
- anions in 
tp-PMBB-4-stp-1-OTs were observed to be ordered but the remaining organic moiety was found 
101 
 
to be highly disordered in the large channel. However, it was subsequently modeled with MS 
Studio47 and is illustrated in one possible orientation in Figure 6.6. 
The unit cell parameters of tp-PMBB-4-stp-1-OTs are significantly increased in a and b 
direction (+1.360 Å each) and decreased in c direction (-1.231 Å) compared to those of the as-
prepared compound.  
 
 
Figure 6.7. Breathing effects in tp-PMBB-4-stp-1 during anion exchange. a) The Cu(tpya)4 (tpya = trans-3-(3-
pyridyl)acrylate) node in tp-PMBB-4-stp-1. The planes through the ligands subtend different angles and contribute 
to the change in unit cell parameters; b) trigonal bipyramidal cages shrink in the axial direction due to the steric 
effect of the large anion (presented as orange spheres). 
 
In contrast, exchange with BF4
- leads to only minor changes in cell parameters. This 
observation was perhaps unexpected since anion induced flexibility is very rare in MOMs37c,48 
and there are many requirements on the breathing effect in network solids sustained by trigonal 
prisms.49 In case of tp-PMBB-4-stp-1 the MBBs are connected by rectangular CuN4-nodes 
which might be expected to restrict the breathing effect induced by the tp-PMBBs. 
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The C-µ3O-C angles at of the tp-PMBB are little changed [71.4° (as), 70.0° (OTs)] and 
do not adequately explain the observed unit cell changes. However, the CuN4 node was found to 
exhibit major differences in geometry as the angles between the two planes illustrated in 
Figure 6.7a are 107.0° (as) vs. 87.9° (OTs). This explains the decrease in the axial dimension of 
the trigonal bipyramidal cage (0.687 Å, Figure 6.7b) which corresponds to c/2 in the unit cell. 
We therefore observe that whereas the solvent does not seem to have a considerable effect on the 
swelling of 4,6-c nets, the effect of the anion upon the CuN4 nodes is profound.  
 
Reversibility and Selectivity of the Anion Exchange 
 
 
Figure 6.8. Infrared spectra of tp-PMBB-4-stp-1 (top) and after exchange with methanolic LiBF4 for 24 h (middle). 
Reversible exchange was confirmed after another 24 h in a methanolic solution of LiNO3 (bottom). Characteristic 
absorption bands of the anions are highlighted. 
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In order to investigate the reversibility of anion exchange we immersed tp-PMBB-4-stp-
1-BF4 and tp-PMBB-4-stp-1-OTs in 5% w/v LiNO3 in MeOH. After 24 h, complete exchange of 
either BF4
- or OTs- by nitrate was confirmed by IR spectroscopy (see Figure 6.8 and 
Appendix E).  
tp-PMBB-4-stp-1 also exhibited selectivity towards nitrate during crystallization with 
equimolar amounts of nitrate and acetate since only nitrate anions were incorporated into the 
structure (Appendix E). This is perhaps unsurprising since trans-Cu(py)4(NO3)2 complexes are 
well known39 whereas trans-Cu(py)4(OAc)2 has not yet been reported.
44 
Selective crystallization of coordination polymers to effect anion separation method was 
also addressed with ZnX2-BPU (BPU = N,N’-bis(m-pyridyl)urea),
50 which crystallizes 
exclusively with halides vs. nitrate, perchlorate and sulfate. In case of tp-PMBB-4-stp-1, rapid 
dissolution of crystals was observed when NaOAc dissolved in 1:1 DMSO/MeCN was added to 
the as-prepared crystals. Anion selectivity has also occurred during postsynthetic exchange of 
framework counterions. IR spectroscopy enabled us to estimate anion selectivity when two 
different anions were present in species in equimolar quantities. We observed the following 
selectivity: OTs-> BF4
-> NO3
- (for details see Appendix E). 
 
Conclusions 
In summary, we have demonstrated that [Cr3(µ3-O)(RCO2)6] tp-PMBBs can be decorated 
with a variety of ligating moieties and that these preformed MBBs can then be used to generate 
3D nets based upon 6-c tp-PMBBs. The modularity of these nets is such that isoreticular 
principles can be used to generate pore diameters of up to ~3 nm. We observed that tp-PMBB-2-
acs-1 undergoes SCSC transformations upon exposure to different solvents and that anion 
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exchange with BF4
- enhances carbon dioxide adsorption. Selective binding of anionic guests in 
tp-PMBB-4-stp-1 induced a breathing effect which was studied based on single crystal 
structures. These properties together with their high modularity because of the presence two 
versatile MBBs make these networks candidates for further fundamental studies on guest/anion 
exchange that could ultimately lead to environmental remediation and/or sensing applications. 
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CHAPTER SEVEN: 
Conclusions and Future Directions 
 
Note to Reader 
Portions of this chapter have been previously published: A. Schoedel, M. J. Zaworotko, 
Chem. Sci. 2014, Accepted Manuscript, DOI: 10.1039/C4SC00171K – Reproduced by 
permission of the Royal Society of Chemistry. 
 
Conclusions 
Metal-organic materials, MOMs, also known as porous coordination polymers 
(PCPs) or metal-organic frameworks (MOFs), are open networks generally comprised of 
metal cations, metal cluster or molecular MBBs connected by organic or inorganic 
linkers. They represent a class of porous materials that have captured the imagination of 
researchers worldwide because they can be designed from first principles and they exhibit 
unprecedented surface area. Whereas initial contributions in the field tended to focus on 
metal-pyridine coordination environments, metal-carboxylate cluster MBBs soon 
dominated thanks to their greater structural diversity in terms of accessible polygons and 
polyhedra. They also offer greater scale, ready accessibility and relative stability, 
resulting in extra-large surface area and permanent porosity. However, although there are 
now thousands, if not tens of thousands, of MOMs known, only a small number of them 
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represent platforms that are amenable to fine-tuning that enables the systematic study of 
structure and function.  
Future Directions 
MBBs based upon the [M3(μ3-O)(O2CR)6] trigonal prism are notable not just for 
their historical contributions but for their strong potential for contributing to the future of 
MOMs. This is because of several reasons: 
• They are particularly facile to prepare from inexpensive building blocks.  
• The resulting networks tend to exhibit excellent chemical stability and strong 
performance with respect to gas sorption behaviour.  
• MOMs sustained by high connectivity MBBs are desirable as these MBBs tend to 
provide greater control over structure as well as higher thermal and chemical stability. 
This trend is evident in the recent literature, which has seen an increased number of 
even higher connectivity MOMs. 
• They offer one additional feature that makes them even more versatile than other 
clusters, their flexibility that is reminiscent of a “butterfly effect”. This effect can 
cause collapse in uninodal nets but it can also facilitate the formation of 
supertetrahedral and superoctahedral SBBs that would otherwise be geometrically 
strained and it enables new classes of multi-nodal nets that offer extraordinary 
diversity in terms of fine-tuning. 
Therefore, although trigonal prismatic structures are rarely encountered in 
coordination chemistry, in general, and porous materials science, in particular, they are 
playing an increasingly visible role in MOM design as the challenges become more 
related to practical matters such as cost and stability.  
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APPENDIX A: 
Network Diversity via Decoration of Trigonal Prismatic Nodes: Two-Step Crystal Engineering 
of Cationic Metal-Organic Materials (MOMs) 
 
Characterization 
The X-ray diffraction data were collected using Bruker-AXS SMART-APEXII CCD 
diffractometer using Cu Kα (λ = 1.54178 Å) or Mo Kα (0.71073 Å). Indexing was performed 
using APEX21 (Difference Vectors method). Data integration and reduction were performed 
using SaintPlus 6.012. Absorption correction was performed by multi-scan method implemented 
in SADABS3. Space groups were determined using XPREP implemented in APEX21. Structures 
were solved using SHELXS-97 (direct or Patterson methods) and refined using SHELXL-97 
(full-matrix least-squares on F2) as a part of APEX21 and WinGX v1.70.014-7 programs 
packages. Hydrogen atoms were placed in geometrically calculated positions and included in the 
refinement process using riding model with isotropic thermal parameters: Uiso(H) = 1.2Ueq(-CH). 
tp-PMBB-1: Disordered nitrate anions were refined using restraints. There is only one disordered 
nitrate anion coordinated to Cr-trimer. 
The tp-PMBB-1-snx-1, tp-PMBB-1-snw-1 and tp-PMBB-1-stp-1 structures were solved 
using Patterson methods, expanded using Fourier methods and refined using geometrical 
constraints and restraints. The contribution of HIGHLY disordered anions /solvent molecules 
was treated as diffuse using Squeeze procedure implemented in Platon program.8,9 Shapes of 
113 
 
thermal ellipsoids of some ligands and metals are the result of disorder together with low angle 
diffraction data.  
All the reagents and solvents, unless described otherwise, are commercially available and 
used without further purification.  
Powder X-ray diffraction was performed on a Bruker D8 Advance, CuKα, λ = 1.54178 Å, 
a Bruker-AXS SMART-APEXII CCD diffractometer (CuKα, λ = 1.54178 Å) as well as on a 
PANalytical X`PERT powder diffractometer (45 kV/ 40 mA, CuKα, λ = 1.5406 Å) equipped 
with automated sample changer and X`Celerator detector, as indicated below. FT-IR data were 
recorded on a Nicolet AVATAR 320 FT-IR instrument in a range from 4000 to 600 cm-1 and a 
resolution of 4 cm-1. Thermogravimetric analysis (TGA) of the samples was performed on a 
Perkin Elmer STA6000 instrument under a constant nitrogen flow (20.0 mL/min) at different 
heating rates (see below). 
 
Synthesis and Structure of the Nitrate Salt of tp-PMBB-1 
Procedure for preparation of tp-PMBB-1: In a typical procedure, 4-pyridinecarboxylic 
acid (Acros Organics, 99%, 0.246 g, 2.00 mmol) was dissolved in 50 mL of H2O (deionized) at 
80°C, Cr(NO3)3 · 9 H2O (Sigma-Aldrich Inc., 99%, 0.400 g, 1.00 mmol) was added and the 
resulting solution was evaporated to dryness (yield: 0.646 g, 100%). The as-isolated crude 
product was used to conduct synthesis of network structures based upon tp-PMBB-1. Single 
crystals of the nitrate salt of tp-PMBB-1 were afforded by dissolving 0.2 g of the crude product 
in MeOH (Fisher Scientific Optima® LC/MS, 99.9%, 5 mL) and slow vapor diffusion of Et2O 
(Fisher Scientific, Pesticide grade, 15 mL total volume). Green needle-shaped single crystals 
were harvested after 2 days by filtration and dried under nitrogen for 20 minutes. 
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Crystal Structure of tp-PMBB-1: The single crystal X-ray structure reveals that the nitrate 
salt of tp-PMBB-1 crystallizes in the orthorhombic space group Pnna (a = 29.372(4) Å, 
b = 12.7337(14) Å, c = 14.9104(18) Å, α = β = γ = 90°, V = 5576.7(11) Å3) and that the charge 
of the trigonal prismatic [Cr3O(isonicH)6(H2O)2(NO3)]
6+ cationic clusters is balanced by nitrate 
counterions. The C-µ3O-C angles subtended between the vertices of the trigonal prism in tp-
PMBB-1 are 78.0°, 78.0° and 71.5°. The corresponding values in 
{[Cr3O(isonicH)6(H2O)3](ClO4)7 · 3 NaClO4 · 3 H2O} are 72.6°, 72.6°, 72.6°, as reported.
10  
 
 
Figure A1. FT-IR of tp-PMBB-1. Nicolet Avatar 320 FT-IR, solid state, absorbance, 3500 – 600 cm-1, resolution 
4 cm-1. 
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Figure A2. TGA of tp-PMBB-1. Perkin Elmer STA 6000, 8.257 mg, 30 – 850°C, ramp 10°C/min. 
 
 
Figure A3. Comparison of experimental and calculated powder X-ray diffraction patterns of tp-PMBB-1. (Bruker 
D8 Advance, CuKα, λ = 1.54178 Å). Small differences in 2 theta values of measured and calculated powder patterns 
can be explained with different temperatures during data collection. Single crystal X-ray diffraction was performed 
at 100 K, powder diffraction at 293 K. Weak reflections are not visible due to relatively low signal/noise ratio. 
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Table A1. Single crystal X-ray diffraction data for tp-PMBB-1. Bruker-AXS APEX2 CCD diffractometer. 
 
Identification code 
 
Empirical formula                  
Formula weight                     
Temperature                        
Wavelength                         
Crystal system, space group        
Unit cell dimensions               
  
 
Volume                              
Z 
Calculated density                
Absorption coefficient             
F(000)                             
Crystal size                       
Theta range for data collection    
Limiting indices                    
Reflections collected / unique      
Completeness to theta = 65.77      
Absorption correction              
Max. and min. transmission         
Refinement method                  
Data / restraints / parameters     
Goodness-of-fit on F2             
Final R indices [I>2sigma(I)]      
R indices (all data)               
Largest diff. peak and hole        
tp-PMBB-1 
 
C36 H30 Cr3 N13O38 
1408.73 g/mol 
100(2) K 
1.54178 Å 
Orthorhombic,  Pnna 
a = 29.372(4) Å, α = 90° 
b = 12.7337(14) Å, β = 90° 
c = 14.9104(18) Å, γ = 90° 
5576.7(11) Å3 
4 
1.678 Mg/m3 
5.807 mm-1 
2852 
0.13 x 0.10 x 0.08 mm 
3.32 to 65.77° 
-34<=h<=34, -14<=k<=13, -14<=l<=17 
23810 / 4745 [R(int) = 0.1038] 
98.1 % 
Semi-empirical from equivalents 
0.6537 and 0.5190 
Full-matrix least-squares on F2 
4745 / 14 / 404 
1.014 
R1 = 0.0859, wR2 = 0.2271 
R1 = 0.1512, wR2 = 0.2771 
1.046 and -0.510 e∙Å -3 
 
Synthesis and Structure of tp-PMBB-1-snx-1 
Procedure for Preparation of tp-PMBB-1-snx-1: 
[Cr3O(isonicH)6(H2O)2(NO3)](NO3)6 · 2 H2O (0.045 mmol, 0.0631 g) was dissolved in 2.5 mL of 
a 4:1 mixture of polyethylene glycol(400)/d-H2O [EMD Chemicals Inc., PEG(400), average 
molecular weight = 400g/mol]. A solution of AgNO3 (Mallinckrodt
® Inc., 0.15 mmol, 0.0253 g) 
in 1.0 mL of a 1:1 mixture of PEG(400)/d-H2O was carefully layered onto the solutuion of 
[Cr3O(isonicH)6(H2O)2(NO3)](NO3)6 · 2 H2O. A light green hexagonal-shaped single crystal of 
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tp-PMBB-snx-1 was harvested after 2 days and used for single crystal X-ray crystallographic 
study. The remaining crystalline product was collected by filtration after 10 days, washed with 
small amounts of d-H2O and dried in air for 2 hours. (yield: ~5% based on Cr). 
 
 
Figure A4. FT-IR of tp-PMBB-snx-1. Nicolet Avatar 320 FT-IR, solid state, absorbance, 3500 – 600 cm-1, 
resolution 4 cm-1 
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Figure A5. TGA of tp-PMBB-snx-1. Perkin Elmer STA 6000, 5.718 mg, 30 – 750°C, ramp 2°C/min. 
 
 
Figure A6. Comparison of experimental and calculated powder X-ray diffraction patterns of tp-PMBB-1-snx-1. 
Bruker-AXS SMART-APEXII CCD diffractometer (CuKα, λ = 1.54178 Å). 
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Table A2. Single crystal X-ray diffraction data for tp-PMBB-1-snx-1. Bruker-AXS APEX2 CCD diffractometer. 
 
Identification code 
 
Empirical formula                  
Formula weight                     
Temperature                        
Wavelength                         
Crystal system, space group        
Unit cell dimensions               
  
 
Volume                              
Z 
Calculated density                
Absorption coefficient             
F(000)                             
Crystal size                       
Theta range for data collection    
Limiting indices                    
Reflections collected / unique      
Completeness to theta = 12.78      
Absorption correction              
Max. and min. transmission         
Refinement method                  
Data / restraints / parameters     
Goodness-of-fit on F2             
Final R indices [I>2sigma(I)]      
R indices (all data)               
Largest diff. peak and hole        
tp-PMBB-1-snx-1 
 
C36H24Ag3Cr3N6O18.67 
1318.89 g/mol 
100(2) K 
0.71073  Å 
Hexagonal,  P63/mmc 
a = 44.391(9) Å, α = 90° 
b = 44.391(9) Å, β = 90° 
c = 23.258(5) Å, γ = 120° 
39692(14) Å3 
6 
0.331 Mg/m3 
0.350 mm-1 
3866 
0.23 x 0.07 x 0.07 mm 
1.59 to 12.78° 
-27<=h<=27, -27<=k<=27, -14<=l<=14 
56801 / 1886 [R(int) = 0.1008] 
99.2 % 
Semi-empirical from equivalents 
0.9759 and 0.9238 
Full-matrix least-squares on F2 
1886 / 127 / 183 
1.087 
R1 = 0.0969, wR2 = 0.2751 
R1 = 0.1071, wR2 = 0.2861 
0.766 and -0.267 e∙Å -3 
 
Synthesis and Structure of tp-PMBB-1-snw-1 
Procedure for Preparation of tp-PMBB-1-snw-1: 
[Cr3O(isonicH)6(H2O)2(NO3)](NO3)6 · 2 H2O (0.045 mmol, 0.0631 g) was dissolved in 2.5 mL of 
a 4:1 mixture of polyethylene glycol(400)/d-H2O [EMD Chemicals Inc., PEG(400), average 
molecular weight = 400g/mol]. A solution of AgBF4 (Acros Organics, 99% , 0.15 mmol, 
0.0292 g) in 1.0 mL of a 1:1 mixture of PEG(400)/d-H2O was carefully layered onto the solution 
of [Cr3O(isonicH)6(H2O)2(NO3)](NO3)6 · 2 H2O. A light green octahedral-shaped single crystal 
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of tp-PMBB-1-snw-1 was harvested after 3 days and used for single crystal X-ray 
crystallographic study. The bulk crystalline product was identified as tp-PMBB-1-snx-1 by 
single crystal X-ray crystallography. 
 
Table A3. Single crystal X-ray diffraction data for tp-PMBB-1-snw-1. Bruker-AXS APEX2 CCD diffractometer. 
 
Identification code 
 
Empirical formula                  
Formula weight                     
Temperature                        
Wavelength                         
Crystal system, space group        
Unit cell dimensions               
  
 
Volume                              
Z 
Calculated density                
Absorption coefficient             
F(000)                             
Crystal size                       
Theta range for data collection    
Limiting indices                    
Reflections collected / unique      
Completeness to theta = 28.41      
Absorption correction              
Max. and min. transmission         
Refinement method                  
Data / restraints / parameters     
Goodness-of-fit on F2             
Final R indices [I>2sigma(I)]      
R indices (all data)               
Absolute structure parameter       
Largest diff. peak and hole        
tp-PMBB-1-snw-1 
 
C36H24Ag3Cr3N6O16 
1276.22 g/mol 
100(2) K 
1.54178 Å 
Tetragonal,  P41212 
a = 24.620(6) Å, α = 90° 
b = 24.620(6) Å, β = 90° 
c = 83.68(2) Å, γ = 120° 
50721(22) Å3 
8 
0.334 Mg/m3 
2.960 mm-1 
4984 
0.20 x 0.15 x 0.15 mm 
2.08 to 28.41° 
-6<=h<=9, -9<=k<=15, -51<=l<=8 
11212 / 5489 [R(int) = 0.0387] 
95.3 % 
Semi-empirical from equivalents 
0.6651 and 0.5890 
Full-matrix least-squares on F2 
5489 / 104 / 216 
1.098 
R1 = 0.0777, wR2 = 0.1923 
R1 = 0.0946, wR2 = 0.2009 
0.41(2) - crystals were twinned 
0.335 and -0.519 e∙Å-3 
 
Synthesis and structure of tp-PMBB-1-stp-1 
Procedure for Preparation of tp-PMBB-1-stp-1: 
[Cr3O(isonicH)6(H2O)2(NO3)](NO3)6 · 2 H2O (0.045 mmol, 0.0631 g) was dissolved in 3.0 mL of 
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a 2:1 mixture of DMF (N,N-Dimethylformamide, Acros Organics, 99%, 2 mL) and MeCN 
(Acetonitrile, Fisher Scientific, 99.9%, 1 mL). The resulting solution was placed in a test tube 
and layered first with 1 mL of 1:1 mixture of DMF/MeCN and then with a solution of 
Cd(NO3)2 · 4 H2O (Fisher Scientific, 99%, 0.15 mmol, 0.0463 g) in a 1:2 mixture of 
DMF/MeCN. After 1 day at room temperature, a crystal suitable for single crystal X-ray was 
harvested. The bulk of the crystalline product was collected by filtration after 3 days, washed 
with small amounts of DMF and MeCN and dried in air for 20 minutes (yield: ~55% based on 
Cr). 
 
 
Figure A7. FT-IR of tp-PMBB-1-stp-1. Nicolet Avatar 320 FT-IR, solid state, absorbance, 3500 – 600 cm-1, 
resolution 4 cm-1. 
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Figure A8. TGA of tp-PMBB-1-stp-1. Perkin Elmer STA 6000, 8.960 mg, 30 – 750°C, ramp 2°C/min. 
 
 
Figure A9. Comparison of experimental and calculated powder X-ray diffraction patterns of tp-PMBB-1-stp-1. 
PANalytical X`PERT powder diffractometer (45 kV/ 40 mA, CuKα, λ = 1.5406 Å). Small differences in 2 theta 
values of measured and calculated powder patterns can be explained with different temperatures during data 
collection. Single crystal X-ray diffraction was performed at 100 K, powder diffraction at 293 K. 
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Table A4. Single crystal X-ray diffraction data for tp-PMBB-1-stp-1. Bruker-AXS APEX2 CCD diffractometer. 
 
Identification code 
 
Empirical formula                  
Formula weight                     
Temperature                        
Wavelength                         
Crystal system, space group        
Unit cell dimensions               
 
 
Volume                              
Z 
Calculated density                
Absorption coefficient             
F(000)                             
Crystal size                       
Theta range for data collection    
Limiting indices                    
Reflections collected / unique      
Completeness to theta = 22.38      
Absorption correction              
Max. and min. transmission         
Refinement method                  
Data / restraints / parameters     
Goodness-of-fit on F2             
Final R indices [I>2sigma(I)]      
R indices (all data)               
Largest diff. peak and hole        
tp-PMBB-1-stp-1 
 
C72H48Cd3Cr6N12O38 
2338.42 g/mol 
100(2) K 
0.71073 Å 
Hexagonal,  P6/mmm 
a = 22.858(3) Å, α = 90° 
b = 22.858(3) Å, β = 90° 
c = 14.042(3) Å, γ = 120° 
6354.2(18) Å3 
1 
0.611 Mg/m3 
0.525 mm-1 
1156 
0.20 x 0.05 x 0.05 mm 
1.78 to 22.38° 
-24<=h<=24, -24<=k<=24, -14<=l<=14 
47164 / 1628 [R(int) = 0.1149] 
99.0 % 
Semi-empirical from equivalents 
0.9742 and 0.9023 
Full-matrix least-squares on F2 
1628 / 81 / 81 
1.093 
R1 = 0.1182, wR2 = 0.3107 
R1 = 0.1316, wR2 = 0.3209 
2.174 and -2.919 e∙Å-3 
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Anion Exchange in tp-PMBB-1-stp-1 
 
 
Figure A10. FT-IR spectra of tp-PMBB-stp-1 and after anion exchange with BF4
-.(3 h blue, 15 h red). The band at 
1311 cm-1 disappears a band at 1054 cm-1 appears, indicating complete exchange of NO3
- by BF4
-. 
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Additional Figures 
 
a) b)  
 
c)  
Figure A11. Tiling of snx, snw and stp. 
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Figure A12. Cage in tp-PMBB-1-snx-1. 
 
 
Figure A13. 3-fold cavity in tp-PMBB-stp-1 between 2 tp-PMBBs along [001]. (left). Space-fill model of 3; the 
coordinated solvent molecules on the tp-PMBBs as well as the CdN4-centers are pointed towards the large 
hexagonal channels (right; Hydrogen atoms are omitted for clarity). 
 
127 
 
 
Figure A14. Structure of tp-PMBB-1-snx-1 in space-fill model along [001]. The trigonal, square and hexagonal 
channels can be clearly seen (Hydrogen atoms are omitted for clarity). 
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APPENDIX B: 
The asc Trinodal Platform: Two-Step Assembly of Triangular, Tetrahedral and Trigonal 
Prismatic Molecular Building Blocks 
 
Characterization 
The X-ray diffraction data were collected using a Bruker-AXS SMART-APEXII CCD 
diffractometer using Cu Kα (λ = 1.54178 Å). Indexing was performed using APEX2
1 (Difference 
Vectors method). Data integration and reduction were performed using SaintPlus 6.012. 
Absorption corrections were performed by multi-scan method implemented in SADABS3. Space 
groups were determined using XPREP implemented in APEX21. Structures were solved using 
SHELXS-97 (direct or Patterson methods) and refined using SHELXL-97 (full-matrix least-
squares on F2) as a part of APEX21 and WinGX v1.70.014-7 programs packages. Hydrogen 
atoms were placed in geometrically calculated positions and included in the refinement process 
using a riding model with isotropic thermal parameters: Uiso(H) = 1.2Ueq(-CH).  
Structures were solved using Patterson methods, expanded using Fourier methods and 
refined using geometrical constraints and restraints. The contribution of HIGHLY disordered 
solvent molecules was treated as diffuse using Squeeze procedure implemented in Platon 
program.8,9 
All reagents and solvents, unless described otherwise, are commercially available and 
were used without further purification.  
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Powder X-ray diffraction was performed on a Bruker D8 Advance, CuKα, λ = 1.54178 Å, 
at a range of 3 to 40° (2Theta) and a stepsize of 2s/0.02° (2Theta). FT-IR data were recorded on 
a Nicolet AVATAR 320 FT-IR instrument in a range from 4000 to 600 cm-1 and a resolution of 
4 cm-1. Thermogravimetric analysis (TGA) of the samples was performed on a Perkin Elmer 
STA6000 instrument under a constant nitrogen flow (20.0 mL/min) at different heating rates (see 
below). 
 
Synthesis of the Nitrate Salt of tp-PMBB-1 
Procedure for Preparation of tp-PMBB-1: The preparation and structure of tp-PMBB-1 
from stoichiometric amounts of Cr(NO3)3 ∙ 9 H2O and isonicotinic acid has been previously 
reported in the literature10 and by our group.11 In this contribution we followed a slightly 
different procedure to obtain tp-PMBB-1 which is described below: 
In a typical procedure, 4-pyridinecarboxylic acid (Acros Organics, 99%, 2.46 g, 
20.0 mmol) and Cr(NO3)3 · 9 H2O (Sigma-Aldrich Inc., 99%, 4.00 g, 10.0 mmol) were ground 
with 3 drops of H2O in an agate mortar for 5 minutes. The purple solid was placed in an open 
container at 85°C and allowed to react for 24 h or until it reached dryness. The resulting green 
solid was then removed, ground again and used as is for further syntheses. 
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Figure B1. FT-IR of tp-PMBB-1. Nicolet Avatar 320 FT-IR, solid state, absorbance, 3500 – 600 cm-1, resolution 
4 cm-1. 
 
Comparison of infrared spectroscopy data of hydrothermally prepared tp-PMBB-111 and 
that made by solid state synthesis (this contribution). 
 
Synthesis and Structure of tp-PMBB-1-asc-1 
Procedure for preparation of tp-PMBB-1-asc-1: 
[Cr3O(isonicH)6(H2O)2(NO3)](NO3)6 · 2 H2O (1.42 mmol, 2.00 g) was dissolved in 100 mL of 
N,N-dimethylformamide (DMF) [Thermo Fisher Scientific Inc., certified ACS, 99.9%] for 
15 min in an ultrasonic bath. The solution was then filtered and a 5 mL aliquot was placed in a 
20 mL screw cap scintillation vial. A solution of zinc nitrate hexahydrate (Thermo Fisher 
Scientific Inc., certified ACS, 1.08 mmol, 0.322 g) and 1,3,5-benzenetricarboxylic acid (Alfa 
Aesar, 98%, 0.86 mmol, 0.180 g) in 3 mL of DMF was added and the mixture was heated at 
70°C for 4 days. A dark green crystal of tp-PMBB-1-asc-1 was selected and used for single 
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crystal X-ray crystallography. The remaining crystalline product was washed with DMF (3 x 
5 mL) and acetonitrile (2 x 5 mL), collected by filtration and dried in air for 1 hour. (yield: ~ 
47% based on Cr). 
Activation for gas adsorption: The as-prepared crystals were washed (3 x 5 mL DMF) 
and then immersed in fresh DMF (20 mL) at 85°C overnight. After washing with DMF (10 mL), 
they were exchanged with fresh MeCN at 85°C for 3 days while the solvent was changed twice a 
day. The exchanged crystals (>100 mg was used for all measurements) were then evacuated 
under dynamic vacuum at room temperature for 16 hours or to a pressure <5µmHg. 
Crystals of tp-PMBB-1-asc-1 were characterized by FT-IR spectroscopy (Nicolet Avatar 
320 FTIR, reflectance, Figure B2), thermogravimetric analysis (Perkin Elmer STA 6000, 
Figure B3), powder X-ray diffraction (Bruker D8 Advance, CuKα, λ = 1.54178 Å, Figure B4), 
single crystal X-ray crystallography (Bruker-AXS SMART-APEXII CCD diffractometer, CuKα, 
λ = 1.54178 Å, Table B1) and gas adsorption analysis (Micromeritics, ASAP2020, Figures B8 – 
B11). 
Crystal Structure of tp-PMBB-1-asc-1: The single crystal structure reveals that tp-
PMBB-1-asc-1 crystallizes in the hexagonal space group P-62m (a = 16.9153(17) Å, 
c = 14.4577(73) Å) and is built from trigonal prismatic [Cr3O(isonic)6] tp-PMBBs, tetrahedral 
Zn2+ single metal nodes and 1,3,5-benzenetricarboxylate moieties. The unit cell contains one 
chromium µ3-oxo trimer and six 4-pyridinecarboxylate anions. These trimers serve as 6-
connected nodes that are linked to 1-dimensional chains by tetrahedral Zn2+ cations (ratio of 
Zn:tp-PMBB-1 = 3:1) which are in turn connected to 1,3,5-benzenetricarboxylate anions to 
generate the first example of a metal-organic framework with this 3,4,6T33 topology. This 
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assembly contains pores of 14 x 10 Å between the adjacent trimeric clusters and 22 x 13 Å 
between the hexagonal 2-dimensional Zn/btc layers. 
The formula {Zn3btc2[Cr3O(isonic)6(H2O)2(OH)]} · x DMF was assigned since the 
[Cr3O(isonic)6]
+ moiety is positively charged and has to be counterbalanced by an anionic 
species. The IR-spectrum is not conclusive in this case as the nitrate peaks are superimposed by 
other frequencies. The single-crystal X-ray diffraction studies did not reveal the location of the 
nitrate counterions in the unit cell. 
 
 
Figure B2. FT-IR of tp-PMBB-1-asc-1. Nicolet Avatar 320 FT-IR, solid state, reflectance, 4000 – 600 cm-1, 
resolution 4 cm-1. 
 
The spectrum shows a broad signal in the range of 3500 to 3000 cm-1 which indicates the 
presence of water. Characteristic frequencies for carboxylates are assigned to 1623 cm-1 for the 
CO2
‾ asymmetric stretching vibration and to 1432 and 1388 cm-1 for the CO2
‾ symmetric 
stretching vibration, respectively. This functional group possesses another vibration at 729 cm-1, 
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assigned to the in plane deformation vibration. The signal at 725 cm-1 is caused by the C-H out 
of plane vibration of the aromatic ring. Moreover, a strong peak at 1665 cm-1 indicates the 
presence of residual DMF in the sample. 
 
 
Figure B3. TGA of tp-PMBB-1-asc-1. Perkin Elmer STA 6000, 5.243 mg, 35 – 800°C, ramp 10°C/min. 
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Figure B4. Comparison of experimental (background-corrected) and calculated powder X-ray diffraction patterns of 
tp-PMBB-1-asc-1. Bruker D8 Advance. 
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Table B1. Single crystal X-ray diffraction data for tp-PMBB-1-asc-1. Bruker-AXS APEX2 CCD diffractometer. 
 
Identification code 
 
Empirical formula                  
Formula weight                     
Temperature                         
Wavelength                         
Crystal system, space group        
Unit cell dimensions               
                                         
                                         
Volume                             
Z, Calculated density               
Absorption coefficient             
F(000)                             
Crystal size                       
Theta range for data collection     
Limiting indices                    
Reflections collected / unique   
Completeness to theta = 67.67      
Absorption correction              
Max. and min. transmission          
Refinement method                  
Data / restraints / parameters     
Goodness-of-fit on F2             
Final R indices [I>2sigma(I)]      
R indices (all data)               
Absolute structure parameter       
Largest diff. peak and hole        
tp-PMBB-1-asc-1 
 
C54H30Cr3N6O28Zn3 
1562.95 
228(2) K 
1.54178 Å 
Hexagonal,  P-62m 
a = 16.9153(17) Å   alpha = 90 deg. 
b = 16.9153(17) Å    beta = 90 deg. 
c = 14.458(7) Å   gamma = 120 deg. 
3582.5(19) Å³ 
1,  0.724 Mg/m³ 
2.713 mm-1 
782 
0.20 x 0.10 x 0.10 mm 
3.02 to 67.67 deg. 
-20<=h<=20, -19<=k<=20, -17<=l<=17 
20703 / 2335 [R(int) = 0.0603] 
98.3 % 
Semi-empirical from equivalents 
0.7731 and 0.6129 
Full-matrix least-squares on F2 
2335 / 0 / 108 
0.936 
R1 = 0.0293, wR2 = 0.0678 
R1 = 0.0336, wR2 = 0.0696 
0.019(6) 
0.433 and -0.336 e∙Å-3 
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Figure B5. Coordination environment in tp-PMBB-1-asc-1. 
 
 
Figure B6. Unit cell along [001] in tp-PMBB-1-asc-1. 
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Figure B7. The (3,4,6)-c asc net. 
 
Point symbol for the net: (63)2(4.65)3(46.89) 
3,4,6-c net with nodes ratio (3-c)2(4-c)3(6-c); 3-nodal net 
VS [62.62.62][42.62.6.6.6.6][4.4.4.4.4.4.8.8.8.8.8.8.86.86.86] 
transitivity [3234]  3 nodes and 2 edges: edge-2-transitive ,  
i.e. it has the minimal number of edges possible (n-1) for the given number of nodes (n) to get a 
3-periodic net 
Tiling:  [43]+3[4.62]+2[83]+3[62.82] 
systre coordinates file for asc: 
CRYSTAL 
  NAME "asc" 
  GROUP P-62m 
  CELL 2.55914 2.55914 1.59153 90.0000 90.0000 120.0000 
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  NODE 1 6  0.00000 0.00000 0.00000 
  NODE 2 3  0.33333 0.66667 0.50000 
  NODE 3 4  0.00000 0.76336 0.50000 
  EDGE  0.00000 0.76336 0.50000   0.33333 0.66667 0.50000 
  EDGE  0.00000 0.00000 0.00000   0.23664 0.23664 0.50000 
# EDGE_CENTER  0.16667 0.71501 0.50000 
# EDGE_CENTER  0.11832 0.11832 0.25000 
END 
 
This net has been observed in 8 inorganic compounds belonging to a class called MT-
frameworks (M - octahedrally coordinated, T - tetrahedrally coordinated atoms) [G.D. Ilyushin 
and V.A. Blatov Acta Crystallogr. (2002). B58, 198–218] of general formula A3[MT5O14] (A= 
Ba, Na,Ca, Sr; M= Si, Ge, Fe, Ta, Ga, Nb; T= Si, Ge). 
The net is observed for the anionic part  [MT5O14].  
The list of the 8 structures is listed with their ICSD ref. number. 
 
1 Ref: 20802: Ba3Fe((FeGe2)Ge2O14) 
Belokoneva E.L., Simonov M.A., Batushin A.V., Mill' B.V., Belov N.V. 
Journal: Doklady Akademii Nauk SSSR Year: 1980 Volume: 255 Number: 
Pages: 1099-1104 
-------------------------------------------- 
2 Ref: 77439: Ba3Fe((FeGe2)Ge2O14) 
Belokoneva E.L., Simonov M.A., Batushin A.V., Mill' B.V., Belov N.V. 
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Journal: Doklady Akademii Nauk SSSR Year: 1980 Volume: 255 Number: 
Pages: 1099-1104 
-------------------------------------------- 
3 Ref: 80833: Na1.8Ca1.1(Si6O14) 
Author(s): Gasparik T., Parise J.B., Eiben B.A., Hriljac J.A. 
Journal: Am. Mineral. Year: 1995 Volume: 80 Number:  Pages: 1269-1276 
-------------------------------------------- 
4 Ref: 83814: Na2Ca(Ge6O14) 
Takeda H., Uecker R., Kumatoriya M., Shimamura K., Reiche P., Fukuda T. 
Journal: Cryst. Res. Technol. Year: 1997 Volume: 32 Number:  Pages: 939-945 
-------------------------------------------- 
5 Ref: 91779: Sr3(TaGa3Si2O14) 
Takeda H.,Sato J., Kato T., Kawasaki K., Morikoshi H., ShimamuraK., Fukuda T. 
Journal: Mater. Res. Bull. Year: 2000 Volume: 35 Number:  Pages: 245-252 
-------------------------------------------- 
6 Ref: 154215: Ba3(NbGa3Si2O14) 
Author(s): Takeda H., Nishida T., Okamura S., Shiosaki T. 
Journal: Transaction of the Material Research Society of Japan 
Year: 2003 Volume: 28 Number:  Pages: 181-184 
-------------------------------------------- 
7 Ref: 162894: Ba3(NbFe3Si2O14) 
Author(s): Marty K., Simonet V., Ressouche E., Ballou R., Lejay P., Bordet P. 
Journal: Physical Review Letters Year: 2008 Volume: 101 Number:  Pages: 
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247201-1 
-------------------------------------------- 
8 Ref: 250124: Ba3Ga2Ge4O14 
Author(s): Bezmaternykh L.N., Vasil'Ev A.D., Gudim I.A., Temerov V.L. 
Journal: Kristallografiya Year: 2004 Volume: 49 Number:  Pages: 325-328 
-------------------------------------------- 
 
 
Figure B8. Gas adsorption (N2, 77 K) of tp-PMBB-1-asc-1. 
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Figure B9. Pore size distribution in tp-PMBB-1-asc-1. 
 
 
Figure B10. Gas adsorption (CO2, 273 K, 298 K) in tp-PMBB-1-asc-1. 
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Figure B11. Isosteric heat of adsorption (Qst) for CO2. 
 
Qst was calculated based on CO2 isotherms measured at 273 K and 298 K which were 
first fit to a virial equation.13 The fitting parameters were then used to calculate the isosteric heat 
of adsorption (Qst). 
 
144 
 
 
Figure B12. Gas adsorption (H2, 77 K) in tp-PMBB-1-asc-1. 
 
 
Figure B13. Water stability of tp-PMBB-1-asc-1 proven by PXRD (background-corrected). 
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Figure B14. Gas adsorption (N2, 77 K) after immersion of the crystals in H2O for 48 hours and subsequent 
activation. 
 
Synthesis and Structure of tp-PMBB-1-asc-1-py 
Procedure for preparation of tp-PMBB-1-asc-1-py: As-synthesized tp-PMBB-1-asc-1 
was placed in 20 mL pyridine at 105°C for 24 h. A dark purple single crystal was harvested and 
used for single crystal X-ray crystallography. The remaining crystalline product was washed 
with pyridine (5 mL) collected by filtration and dried in air for 20 minutes (yield: 100% based on 
tp-PMBB-1-asc-1). 
Crystals of tp-PMBB-1-asc-1 were characterized by FT-IR spectroscopy (Nicolet Avatar 
320 FTIR, reflectance, Figure B15), thermogravimetric analysis (Perkin Elmer STA 6000, 
Figure B16), powder X-ray diffraction (Bruker D8 Advance, CuKα, λ = 1.54178 Å, Figure B17) 
and single crystal X-ray crystallography (Bruker-AXS SMART-APEXII CCD diffractometer, 
CuKα, λ = 1.54178 Å, Table B2). 
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Crystal Structure of tp-PMBB-1-asc-1-py: The single crystal structure reveals that tp-
PMBB-1-asc-1 crystallizes in the trigonal space group P-62m (a = 16.7824(2) Å, c = 
14.6462(4) Å) and is isostructural to tp-PMBB-1-asc-1. The crystal structure reveals that 
terminal water ligands had been fully replaced by pyridine ligands. 
The formula {Zn3btc2[Cr3O(isonic)6(py)3]} · x py was confirmed by single crystal X-ray 
diffraction and full occupancy of the pyridine atoms was observed. The cluster is neutral in 
accord with a report by Cotton et al.12 concerning discrete trimeric chromium-clusters. They 
proposed that a single electron is delocalized over the cluster. 
 
 
Figure B15. FT-IR of tp-PMBB-1-asc-1-py. Nicolet Avatar 320 FT-IR, solid state, reflectance, 3500 – 600 cm-1, 
resolution 4 cm-1. 
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Figure B16. TGA of tp-PMBB-1-asc-1-py. Perkin Elmer STA 6000, 12.226 mg, 30 – 400°C, ramp 5°C/min. 
 
 
Figure B17. Comparison of experimental (background-corrected) and calculated powder X-ray diffraction patterns 
of tp-PMBB-1-asc-1-py. Bruker D8 Advance. 
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Table B2. Single crystal X-ray diffraction data for tp-PMBB-1-asc-1-py. Bruker-AXS APEX2 CCD diffractometer. 
 
Identification code 
 
Empirical formula                  
Formula weight                     
Temperature                         
Wavelength                         
Crystal system, space group        
Unit cell dimensions               
                                         
                                         
Volume                             
Z, Calculated density               
Absorption coefficient             
F(000)                             
Crystal size                       
Theta range for data collection     
Limiting indices                    
Reflections collected / unique   
Completeness to theta = 67.18      
Absorption correction              
Max. and min. transmission          
Refinement method                  
Data / restraints / parameters     
Goodness-of-fit on F2             
Final R indices [I>2sigma(I)]      
R indices (all data)               
Absolute structure parameter       
Largest diff. peak and hole        
tp-PMBB-1-asc-1-py 
 
C69H45Cr3N9O25Zn3 
1752.25 
228(2) K 
1.54178 Å 
Hexagonal,  P-62m 
a = 16.7824(2) Å   alpha = 90 deg. 
b = 16.7824(2) Å    beta = 90 deg. 
 c = 14.6462(4) Å   gamma = 120 deg. 
3572.43(11) Å³ 
1,  0.814 Mg/m³ 
2.748 mm-1 
884 
0.05 x 0.02 x 0.02 mm 
3.02 to 67.18 deg. 
-19<=h<=17, -19<=k<=15, -12<=l<=17 
13006 / 2242 [R(int) = 0.0586] 
96.0 % 
Semi-empirical from equivalents 
0.9471 and 0.8748 
Full-matrix least-squares on F2 
2242 / 36 / 124 
1.065 
R1 = 0.0409, wR2 = 0.1029 
R1 = 0.0434, wR2 = 0.1041 
0.038(9) 
0.574 and -0.521 e∙Å-3 
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Figure B18. Coordination environment in tp-PMBB-1-asc-1-py. 
 
 
Figure B19. Unit cell along [001] in tp-PMBB-1-asc-1-py. 
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Synthesis and Structure of tp-PMBB-1-asc-1-Cd 
Procedure for preparation of tp-PMBB-1-asc-1-Cd: 
[Cr3O(isonicH)6(H2O)2(NO3)](NO3)6 · 2 H2O (1.42 mmol, 2.00 g) was dissolved in 100 mL of 
N,N-dimethylformamide (DMF) [Thermo Fisher Scientific Inc., certified ACS, 99.9%] for 
15 min in an ultrasonic bath. The solution was then filtered and a 5 mL aliquot was placed in a 
20 mL screw cap scintillation vial together with 1.0 mL of deionized H2O and 4.0 mL of ethanol 
(EtOH) [Thermo Fisher Scientific Inc., 95%]. A solution of cadmium nitrate tetrahydrate 
(Thermo Fisher Scientific Inc., 99%, 1.13 mmol, 0.35 g) and 1,3,5-benzenetricarboxylic acid 
(Alfa Aesar, 98%, 0.48 mmol, 0.100 g) in 3 mL of DMF was added and the mixture was heated 
at 70°C for 1 day. Light green crystals of tp-PMBB-1-asc-1-Cd were collected by filtration, 
washed with DMF (3 x 5 mL) and dried in air for 1 hour. (yield: ~ 88% based on Cr). 
Activation for gas adsorption: The as-prepared crystals were washed (3 x 5 mL DMF) 
and then immersed in fresh DMF (20 mL) at 85°C overnight. After washing with DMF (10 mL), 
they were exchanged with fresh MeCN at 85°C for 3 days while the solvent was changed twice a 
day. The exchanged crystals (>100 mg was used for all measurements) were then evacuated 
under dynamic vacuum at room temperature for 16 hours or to a pressure <5µmHg.   
Crystals of tp-PMBB-1-asc-1-Cd were characterized by FT-IR spectroscopy (Nicolet 
Avatar 320 FTIR, reflectance, Figure B20), powder X-ray diffraction (Bruker D8 Advance, 
CuKα, λ = 1.54178 Å, Figure B22) and gas adsorption analysis (Micromeritics, ASAP2020, 
Figures B23 – B25). 
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Figure B20. FT-IR of tp-PMBB-1-asc-1-Cd. Nicolet Avatar 320 FT-IR, solid state, reflectance, 3500 – 600 cm-1, 
resolution 4 cm-1. 
 
 
Figure B21. Proposed structural model of tp-PMBB-1-asc-1-Cd from single crystal X-ray diffraction. 
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The model shown above was obtained from low-resolution single crystal X-ray 
diffraction data and its calculated powder pattern matches closely with the experimental bulk 
sample (Figure B22).  
Although a unit cell determination and structure solution was successful, further 
refinement resulted in unusually large thermal parameters of individual atoms including the 
heavy metal positions, even after trying several different crystals and low temperature data 
collection (100 K).  
Since single crystal X-ray crystallography requires a long-range periodicity and as a 
result provides the average structure of a particular single crystal, we might expect that different 
crystal domains show slightly different d-spacing between the hexagonal Cd-btc layers along 
[001]. This in turn means that the trigonal prismatic cluster might undergo flexible behavior 
during crystal formation which could be caused by the use of a solvent mixture (DMF, EtOH, 
H2O) instead of one pure solvent. Herein it should be noted that synthesis in pure DMF was 
unsuccessful and did not lead to the desired product. Previous reports on the flexibility of the 
trigonal prismatic cluster and the resulting drastic unit cell changes14 are in agreement with our 
findings.  
Exchange experiments after synthesis with DMF were also performed but the peak 
positions from powder X-ray diffraction data remained unaltered. Therefore the breathing 
phenomenon is restricted by the hexagonal Cd-btc layer in the final 3-periodic structure, as seen 
in tp-PMBB-1-asc-1. This is also supported by gas adsorption studies (see below) showing 
similar uptakes and surface area in comparison to tp-PMBB-1-asc-1. 
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Figure B22. Indexed powder X-ray diffraction patterns of tp-PMBB-1-asc-1-Cd. Bruker D8 Advance. 
 
The powder X-ray diffraction pattern was indexed according to the determined unit cell 
of tp-PMBB-1-asc-1-Cd. Small differences in peak positions can be attributed to different 
temperatures during data collection. Single crystal X-ray diffraction was performed at 228 K, 
powder X-ray diffraction at room temperature. 
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Figure B23. Gas adsorption (N2, 77 K) in tp-PMBB-1-asc-1-Cd. 
 
 
Figure B24. Gas adsorption (H2, CO2, CH4) in tp-PMBB-1-asc-1-Cd. 
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Figure B25. Isosteric heat of adsorption (Qst) for CO2 (in comparison to tp-PMBB-1-asc-1). 
 
Carbon dioxide heat of adsorption for tp-PMBB-1-asc-1-Cd is slightly lower than for tp-
PMBB-1-asc-1 at initial loading. At intermediate and higher loadings, almost no difference in Qst 
values is observed. 
 
Synthesis and Structure of tp-PMBB-1-asc-2 
Procedure for preparation of tp-PMBB-1-asc-2: 1,3,5-tris(4-carboxyphenyl)benzene 
(H3btb) was prepared according to the literature procedure.
15 
[Cr3O(isonicH)6(H2O)2(NO3)](NO3)6 · 2 H2O (1.42 mmol, 2.00 g) was dissolved in 100 mL of 
N,N-dimethylformamide (DMF) [Thermo Fisher Scientific Inc., certified ACS, 99.9%] for 
15 min in an ultrasonic bath. The solution was then filtered and a 0.250 mL aliquot was placed in 
a 20 mL screw cap scintillation vial. A solution of zinc nitrate hexahydrate (Thermo Fisher 
Scientific Inc., certified ACS, 0.15 m, 0.497 mL), 1,3,5-benzenetrisbenzoic acid (0.05 m, 
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0.213 mL) and 1.240 mL DMF was added and the mixture was heated at 75°C for 3 days. A light 
green crystal of tp-PMBB-1-asc-2 was selected and used for single crystal X-ray 
crystallography. The remaining crystalline product was washed with DMF (3 x 5 mL) and 
acetonitrile (2 x 5 mL), collected by filtration and dried briefly in air. (yield: ~ 15% based on 
Cr). 
Crystals of tp-PMBB-1-asc-2 were characterized by FT-IR spectroscopy (Nicolet Avatar 
320 FTIR, reflectance, Figure B26), powder X-ray diffraction (Bruker D8 Advance, CuKα, λ = 
1.54178 Å, Figure B27) and single crystal X-ray crystallography (Bruker-AXS SMART-APEXII 
CCD diffractometer, CuKα, λ = 1.54178 Å, Table B3). 
Crystal Structure of tp-PMBB-1-asc-2: The single crystal structure reveals that tp-
PMBB-1-asc-2 crystallizes in the hexagonal space group P-62m (a = 25.687(12) Å, 
c = 13.224(6) Å) and is built from trigonal prismatic [Cr3O(isonic)6] tp-PMBBs, tetrahedral Zn
2+ 
single metal nodes and btb3- moieties. The unit cell contains one chromium µ3-oxo trimer and six 
4-pyridinecarboxylate anions. These trimers serve as 6-connected nodes that are linked to 1-
dimensional chains by tetrahedral Zn2+ cations (ratio of Zn:tp-PMBB-1 = 3:1) which are in turn 
connected to btb3- anions to generate an expanded asc-topology trinodal network. This assembly 
contains nanopores of 39 x 19 Å between the adjacent trimeric clusters and ~15 Å windows. The 
formula {Zn3btb2[Cr3O(isonic)6(H2O)2(OH)]} · x DMF was assigned in analogy to tp-PMBB-1-
asc-1. 
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Figure B26. FT-IR of tp-PMBB-1-asc-2. Nicolet Avatar 320 FT-IR, solid state, reflectance, 3500 – 600 cm-1, 
resolution 4 cm-1. 
 
 
Figure B27. Comparison of experimental (background-corrected) and calculated powder X-ray diffraction patterns 
of tp-PMBB-1-asc-2. Bruker D8 Advance. 
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Table B3. Single crystal X-ray diffraction data for tp-PMBB-1-asc-2. Bruker-AXS APEX2 CCD diffractometer. 
 
Identification code 
 
Empirical formula                  
Formula weight                     
Temperature                         
Wavelength                         
Crystal system, space group        
Unit cell dimensions               
                                         
                                         
Volume                             
Z, Calculated density               
Absorption coefficient             
F(000)                             
Crystal size                       
Theta range for data collection     
Limiting indices                    
Reflections collected / unique   
Completeness to theta = 38.61      
Absorption correction              
Max. and min. transmission          
Refinement method                  
Data / restraints / parameters     
Goodness-of-fit on F2             
Final R indices [I>2sigma(I)]      
R indices (all data)               
Absolute structure parameter       
Largest diff. peak and hole        
tp-PMBB-1-asc-2 
 
C90H54Cr3N6O28Zn3 
2019.50 
228(2) K 
1.54178 Å 
Hexagonal,  P-62m 
a = 25.687(12) Å   alpha = 90 deg. 
b = 25.687(12) Å    beta = 90 deg. 
c = 13.224(6) Å   gamma = 120 deg. 
7557(5) Å³ 
1,  0.444 Mg/m³ 
1.329 mm-1 
1022 
0.10 x 0.05 x 0.05 mm 
4.80 to 38.61 deg. 
-15<=h<=20, -20<=k<=20, -8<=l<=10 
10083 / 1538 [R(int) = 0.0609] 
96.8 % 
Semi-empirical from equivalents 
0.9365 and 0.8785 
Full-matrix least-squares on F2 
1538 / 41 / 149 
1.112 
R1 = 0.0369, wR2 = 0.0936 
R1 = 0.0448, wR2 = 0.0959 
0.097(14) 
0.086 and -0.182 e∙Å-3 
 
159 
 
 
Figure B28. Coordination environment in tp-PMBB-1-asc-2. 
 
 
Figure B29. Unit cell along [001] in tp-PMBB-1-asc-2. 
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Figure B30. Trigonal bipyramidal cage in tp-PMBB-1-asc-2. 
 
 
Figure B31. tp-PMBB-1-asc-2 along [010]. 
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Synthesis and Structure of tp-PMBB-1-asc-3 
Procedure for preparation of tp-PMBB-1-asc-3: 4,4’,4’’-[1,3,5-
benzenetriyltris(carbonylimino)]trisbenzoic acid (H3btctb) was prepared according to the 
literature procedure.16 
[Cr3O(isonicH)6(H2O)2(NO3)](NO3)6 · 2 H2O (1.42 mmol, 2.00 g) was dissolved in 
100 mL of N,N-dimethylformamide (DMF) [Thermo Fisher Scientific Inc., certified ACS, 
99.9%] for 15 min in an ultrasonic bath. The solution was then filtered and a 0.250 mL aliquot 
was placed in a 20 mL screw cap scintillation vial. A solution of zinc nitrate hexahydrate 
(Thermo Fisher Scientific Inc., certified ACS, 0.15 m, 0.114 mL), 4,4’,4’’-[1,3,5-
benzenetriyltris(carbonylimino)]trisbenzoic acid (0.10 m, 0.043 mL) and 1.794 mL DMF (total 
volume 2.20 mL) was added and the mixture was heated at 70°C for 3 days.  The capped vial 
was then allowed to sit at room temperature for 16 days before a light green crystal of tp-PMBB-
1-asc-3 was selected and used for single crystal X-ray crystallography. The remaining crystalline 
product was washed with DMF (3 x 5 mL) and acetonitrile (2 x 5 mL), collected by filtration and 
dried briefly in air. (yield: ~ 5% based on Cr). 
Crystals of tp-PMBB-1-asc-3 were characterized by FT-IR spectroscopy (Nicolet Avatar 
320 FTIR, reflectance, Figure B32), powder X-ray diffraction (Bruker D8 Advance, CuKα, λ = 
1.54178 Å, Figure B33) and single crystal X-ray crystallography (Bruker-AXS SMART-APEXII 
CCD diffractometer, CuKα, λ = 1.54178 Å, Table B4). 
Crystal Structure of tp-PMBB-1-asc-3: The single crystal structure reveals that tp-
PMBB-1-asc-3 crystallizes in the hexagonal space group P-62m (a = 29.749(3) Å, 
c = 13.235(3) Å) and is built from trigonal prismatic [Cr3O(isonic)6] tp-PMBBs, tetrahedral Zn
2+ 
single metal nodes and btctb3- moieties. The unit cell contains one chromium µ3-oxo trimer and 
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six 4-pyridinecarboxylate anions. These trimers serve as 6-connected nodes that are linked to 1-
dimensional chains by tetrahedral Zn2+ cations (ratio of Zn:tp-PMBB-1 = 3:1) which are in turn 
connected to btctb3- anions to generate an expanded, amide functionalized asc-topology trinodal 
network. This assembly contains nanopores of 47 x 23 Å between the adjacent trimeric clusters 
and ~14 Å windows. The formula {Zn3btctb2[Cr3O(isonic)6(H2O)2(OH)]} · x DMF was assigned 
in analogy to tp-PMBB-1-asc-1. 
 
 
Figure B32. FT-IR of tp-PMBB-1-asc-3. Nicolet Avatar 320 FT-IR, solid state, reflectance, 3500 – 600 cm-1, 
resolution 4 cm-1. 
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Figure B33. Comparison of experimental (background-corrected) and calculated powder X-ray diffraction patterns 
of tp-PMBB-1-asc-3. Bruker D8 Advance. 
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Table B4. Single crystal X-ray diffraction data for tp-PMBB-1-asc-3. Bruker-AXS APEX2 CCD diffractometer. 
 
Identification code 
 
Empirical formula                  
Formula weight                     
Temperature                         
Wavelength                         
Crystal system, space group        
Unit cell dimensions               
                                         
                                         
Volume                             
Z, Calculated density               
Absorption coefficient             
F(000)                             
Crystal size                       
Theta range for data collection     
Limiting indices                    
Reflections collected / unique   
Completeness to theta = 38.51      
Absorption correction              
Max. and min. transmission          
Refinement method                  
Data / restraints / parameters     
Goodness-of-fit on F2             
Final R indices [I>2sigma(I)]      
R indices (all data)               
Absolute structure parameter       
Largest diff. peak and hole        
tp-PMBB-1-asc-3 
 
C96H60Cr3N12O34Zn3 
2277.67 
228(2) K 
1.54178 Å 
Hexagonal,  P-62m 
a = 29.749(3) Å   alpha = 90 deg. 
b = 29.749(3) Å    beta = 90 deg. 
c = 13.235(3) Å   gamma = 120 deg. 
10144(2) Å³ 
1,  0.373 Mg/m³ 
1.024 mm-1 
1154  
0.20 x 0.10 x 0.10 mm 
1.71 to 38.51 deg. 
-18<=h<=23, -23<=k<=23, -10<=l<=7 
11457 / 2026 [R(int) = 0.1016] 
97.1 % 
Semi-empirical from equivalents 
0.9045 and 0.8214 
Full-matrix least-squares on F2 
2026 / 50 / 115 
0.999 
R1 = 0.0678, wR2 = 0.1728 
R1 = 0.0828, wR2 = 0.1802 
0.46(2) 
0.232 and -0.199 e∙Å-3 
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Figure B34. Coordination environment in tp-PMBB-1-asc-3. 
 
 
Figure B35. Comparison of the isoreticular series of asc-nets. 
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APPENDIX C: 
A Family of Porous Lonsdaleite-e (lon-e) Networks obtained through Pillaring of Decorated 
Kagomé Lattice Sheets 
 
Characterization 
The X-ray intensity data for tp-PMBB-1-lon-e-H and lon-e-t-Bu were collected on a 
Bruker D8 Venture PHOTON 100 CMOS system equipped with a Cu Kα INCOATEC Imus 
micro-focus source (λ = 1.54178 Å) at 100 K. The X-ray diffraction data for tp-PMBB-1-lon-e-
Br, lon-e-fdc, lon-e-Me, lon-e-NH2, lon-e-NO2, lon-e-OH and lon-e-OMe were collected using a 
Bruker-AXS SMART-APEXII CCD diffractometer (CuKα, λ = 1.54178 Å) at 228 K. Indexing 
was performed using APEX21 (Difference Vectors method). Data integration and reduction were 
performed using SaintPlus 6.01.2 Absorption corrections were performed by multi-scan method 
implemented in SADABS.3 Space groups were determined using XPREP implemented in 
APEX2.1Structures were solved using SHELXS-97 (direct or Patterson methods) and refined 
using SHELXL-97 (full-matrix least-squares on F2) as a part of APEX2,1 SHELXL-2012 Beta 
version contained in OLEX24 and WinGX v1.70.015-8 program packages. Hydrogen atoms were 
placed in geometrically calculated positions and included in the refinement process using a 
riding model with isotropic thermal parameters: Uiso(H) = 1.2Ueq(-CH).  
The contribution of HIGHLY disordered solvent molecules was treated as diffuse using 
SQUEEZE procedure implemented in the PLATON program.9,10 1,3-bdc ligands that spawn the 
kagomé lattice were refined as partially disordered over two crystallographic positions. 
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Powder X-ray diffraction was performed on a Bruker D8 Advance, CuKα, λ = 1.54178 Å 
(40 kV, 40 mA), at a range of 3 to 40° (2Theta) and a stepsize of 0.3s/0.02° (2Theta). 
Thermogravimetric Analysis was performed on a TGA Q50 (TA-Instruments-Waters LLC.) in 
the range of 30-800°C with a rate of 5°C/min.  
All reagents and solvents are commercially available and were used without further 
purification. 
 
 
 
Figure C1. Relation between cubic nbo-a and hexagonal fof-a. View along [111] consisting of square vertices, and 
after deconstruction11 of the 4-connected linker into 2 3-connected vertices to give fof-a (view along [001]). It can 
be clearly seen that fof-a is based on staggered AAA packed kagomé layers. 
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Figure C2. Relationship between hexagonal ssa-a and sty-a. View along [001] consisting of square vertices, and 
after deconstruction11 of the 4-connected linker into 2 3-connected vertices to give sty-a (view along [001]). It can 
be clearly seen that sty-a is based on eclipsed AAA packed kagomé layers. 
 
 
 
Figure C3. Comparison of lon-a and dia-a. a) Hexagonal lon-a along [001]; b) Cubic dia-a along [111]. 
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Figure C4. Relationship between the augmented lon-e-a consisting of trigonal prismatic and octahedral nodes and 
lon-e composed of tetrahedral (supertetrahedral) nodes, respectively. Further simplification results in the 4-c lon 
(lonsdaleite) net (trigonal prismatic nodes = blue; octahedral nodes = red; tetrahedral nodes = green). 
 
a) b)  
Figure C5. Topological description of the augmented lon-e network. a) unit cell of lon-e-a, the ratio of trigonal 
prismatic to octahedral nodes is 1:3; b) lon-e-a along [001]. 
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Description of the Underlying Net Topology 
The vertices of "supertetrahedra" shown above give the lon-e net and they are formed by 
3 vertices on Wyckoff 6g with symmetry C2h, compatible with the octahedra (distorted like the 
elongated octahedra from the paddlewheels) and the remaining vertex lie on Wyckoff 2c with 
D3h symmetry, compatible with the full symmetry of trigonal prisms. This in turn leads to the 
augmented net made of trigonal prims and octahedra with ratio of D3h:C2h = 1:3. 
If trigonal prisms (6-c) are combined with octahedra (6-c) in the ratio 1:3 with at most 2 
kinds of edges (represented by the two different ligands, pyridine-4-carboxylate andbenzene-1,3-
dicarboxylate) we should look for possible binodal net with6-c and two edges in the RCSR 
database, we find 4 nets: lon-e, pcb-e, sta, stb. 
The net sta is incompatible because the ratio of D3h (prism) to C3v (octahedra) is 
1:2.  Both stb and pcb-e are incompatible because one of the two nodes lie on a D3d symmetry 
site that is not compatible with the full symmetry of trigonal prism. 
In conclusion, only lon-e remains as the possible topology obtainable when trigonal 
prism (with full symmetry) and octahedra are combined in the ratio of 1:3 (with two different 
edges). 
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Figure C6. Single crystal structures along [001] of eight functionalized variants of tp-PMBB-1-lon-e based on 
different benzene-1,3-dicarboxylic acids. 
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Figure C7. Structure of tp-PMBB-1-lon-e-fdc along [001]. 
 
 
Figure C8. Three different polyhedral cages in the unit cell of tp-PMBB-1-lon-e. Tetrahedron (green), truncated 
trigonal bipyramid (yellow), octahedron (red). 
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Synthesis of the Nitrate Salt of tp-PMBB-1 
The preparation and structure of tp-PMBB-1 from stoichiometric amounts of 
Cr(NO3)3 ∙ 9 H2O and isonicotinic acid has been previously reported.
12,13 The procedure to obtain 
tp-PMBB-1 is described below: 
In a typical procedure, 4-pyridinecarboxylic acid (2.46 g, 20.0 mmol) and 
Cr(NO3)3 · 9 H2O (4.00 g, 10.0 mmol) were ground with 3 drops of H2O in an agate mortar for 
5 minutes. The purple solid was placed in an open container at 85°C and allowed to react for 
24 h or until it reached dryness. The resulting green solid was then removed, ground again and 
used as is for further syntheses. 
 
Synthesis of tp-PMBB-1-lon-e 
General procedure for the synthesis of tp-PMBB-1-lon-e: In a general procedure tp-
PMBB-1 [Cr3O(isonicH)6(H2O)2(NO3)](NO3)6 · 2 H2O (1.42 mmol, 2.00 g) was dissolved in 
100 mL of N,N-dimethylformamide (DMF) for 15 min in an ultrasonic bath and then filtered. 
Stock solutions of zinc nitrate hexahydrate and various dicarboxylic acids were prepared 
according to Table C1. For specific volumes of reactants related to each individual reaction, refer 
to Table C2. The reaction mixtures were then placed into an oven at 75°C for 2 days. In each 
case green hexagonal shaped single crystals of tp-PMBB-1-lon-e were selected and used for 
single crystal X-ray crystallography. The remaining crystalline products were washed with DMF 
(3 x 10 mL) to remove any powdered product and acetonitrile (2 x 5 mL), collected by filtration 
and dried briefly in air. (yield: see Table C2 for reference). 
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Table C1. Stock solutions used for the preparation of tp-PMBB-1-lon-e variants. 
 
Stock solutions formula 
weight 
(g/mol) 
concentration 
(mol/L) 
mass  
(g) 
solvent volume  
(mL) 
Zn(NO3)2 ∙ 6 H2O 297.49 0.284 2.532 DMF 30 
1,3-H2bdc
a 166.13 0.284 0.944 DMF 20 
5-t-Butyl-1,3-H2bdc 222.24 0.284 1.262 DMF 20 
5-Nitro-1,3-H2bdc 211.13 0.284 0.600 DMF 10 
5-Amino-1,3-H2bdc 181.16 0.142 0.514 MeOH 20 
5-Hydroxy-1,3-
H2bdc 
182.13 0.284 1.034 DMF 20 
5-Methyl-1,3-H2bdc 180.16 0.284 0.512 DMF 10 
5-Bromo-1,3-H2bdc 245.03 0.284 0.696 DMF 10 
5-Methoxy-1,3-
H2bdc 
196.16 0.284 0.557 DMF 10 
2,5-H2fdc
b 156.09 0.284 0.443 DMF 10 
 
a 1,3-H2bdc = Benzene-1,3-dicarboxylic acid 
b 2,5-H2fdc = Furan-2,5-dicarboxylic acid 
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Table C2. Individual reactions for the preparation of tp-PMBB-1-lon-e variants. 
 
tp-
PMBB-1-
lon-e 
Ligand (L) tp-PMBB-
1 
(μL) 
ZnNd 
(μL) 
L 
(μL) 
DMF 
(μL) 
MeOH 
(μL) 
yield 
(mg) 
-H 1,3-H2bdc
a 1000 500 750 750 500 31.9 
-t-Bu 5-t-Butyl-1,3-H2bdc 1000 500 750 750 250 12.6 
-NO2 5-Nitro-1,3-H2bdc 1000 500 750 750 500 5.4 
-NH2 5-Amino-1,3-H2bdc 1000 500 1500 7500 0 23.2 
-OH 5-Hydroxy-1,3-
H2bdc 
1000 500 750 750 1000 30.0 
-Me 5-Methyl-1,3-H2bdc 1000 500 750 750 500 9.1 
-Br 5-Bromo-1,3-H2bdc 1000 500 750 750 500 18.2 
-OMe 5-Methoxy-1,3-
H2bdc 
1000 500 750 750 500 9.8 
-fdc 2,5-H2fdc
b,c 1000 500 750 750 500 15.0 
 
a 1,3-H2bdc = Benzene-1,3-dicarboxylic acid. 
b 2,5-H2fdc = Furan-2,5-dicarboxylic acid. 
c reaction time: 24 hrs. 
d 0.284 M zinc nitrate hexahydrate in DMF. 
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Powder X-ray Diffraction 
 
 
Figure C9. Comparison of experimental (background-corrected) and calculated powder X-ray diffraction patterns of 
tp-PMBB-1-lon-e-H. 
 
 
Figure C10. Comparison of experimental (background-corrected) and calculated powder X-ray diffraction patterns 
of tp-PMBB-1-lon-e-t-Bu. 
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Figure C11. Comparison of experimental (background-corrected) and calculated powder X-ray diffraction patterns 
of tp-PMBB-1-lon-e-NO2. 
 
 
Figure C12. Comparison of experimental (background-corrected) and calculated powder X-ray diffraction patterns 
of tp-PMBB-1-lon-e-NH2. 
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Figure C13. Comparison of experimental (background-corrected) and calculated powder X-ray diffraction patterns 
of tp-PMBB-1-lon-e-OH. 
 
 
Figure C14. Comparison of experimental (background-corrected) and calculated powder X-ray diffraction patterns 
of tp-PMBB-1-lon-e-Me. 
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Figure C15. Comparison of experimental (background-corrected) and calculated powder X-ray diffraction patterns 
of tp-PMBB-1-lon-e-Br. 
 
 
Figure C16. Comparison of experimental (background-corrected) and calculated powder X-ray diffraction patterns 
of tp-PMBB-1-lon-e-OMe. 
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Figure C17. Comparison of experimental (background-corrected) and calculated powder X-ray diffraction patterns 
of tp-PMBB-1-lon-e-fdc. 
 
Gas Adsorption 
Selected tp-PMBB-1-lon-e samples were prepared for gas sorption according to the 
following procedure: The as-prepared crystals were washed (3 x 10 mL DMF) to remove any 
powdered sample and then immersed in fresh DMF (20 mL) at room temperature for 2 days. 
After washing with DMF (2 x 10 mL), they were exchanged with fresh MeCN at room 
temperature for 5 days while the solvent was changed twice a day and then stored in MeCN. The 
exchanged crystals were evacuated under dynamic vacuum at room temperature until the outgas 
rate reached <20 μmHg/min (approximately 12 hours depending on the amount of sample, 
prolonged evacuation did not result in increase of surface area).  
Activation of the frameworks by heating to 60°C for 2 h did not result in increased 
surface areas. Prolonged heating or higher temperatures result in a decrease of surface area. 
Attempts to activate the material with supercritical-CO2 drying did also not improve the surface 
area. 
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Calculations of isosteric heat of adsorption: Qst was calculated based on CO2 isotherms 
measured at 273 K and 298 K which were first fit to a virial equation.14 The fitting parameters 
were then used to calculate the isosteric heat of adsorption (Qst). 
 
 
Figure C18. Nitrogen adsorption experiments at 77 K for various tp-PMBB-1-lon-e nets. The apparent surface areas 
according to the BET and (Langmuir) model are indicated. Each compound was measured from at least two samples 
to ensure reproducibility. 
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Figure C19. Low pressure methane adsorption isotherms collected at 273 K and 298 K respectively. 
 
 
Figure C20. Isosteric heat of adsorption (Qst) for methane calculated from two different temperature isotherms 
(273 K, 298 K). 
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Figure C21. Low pressure carbon dioxide adsorption isotherms (gravimetric) collected at 273 K and 298 K 
respectively. 
 
Fitting Parameters of the CO2 Isotherms according to the Virial Equation 
 
 
Figure C22. Fitting parameters of the virial equation to the uptake values of CO2 at 273 K and 298 K in case of tp-
PMBB-1-lon-e-H. 
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Figure C23. Fitting parameters of the virial equation to the uptake values of CO2 at 273 K and 298 K in case of tp-
PMBB-1-lon-e-Br. 
 
Figure C24. Fitting parameters of the virial equation to the uptake values of CO2 at 273 K and 298 K in case of tp-
PMBB-1-lon-e-NO2. 
 
186 
 
 
Figure C25. Fitting parameters of the virial equation to the uptake values of CO2 at 273 K and 298 K in case of tp-
PMBB-1-lon-e-t-Bu. 
 
Figure C26. Fitting parameters of the virial equation to the uptake values of CO2 at 273 K and 298 K in case of tp-
PMBB-1-lon-e-fdc. 
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Fitting Parameters of the CH4 Isotherms according to the Virial Equation 
 
Figure C27. Fitting parameters of the virial equation to the uptake values of CH4 at 273 K and 298 K in case of tp-
PMBB-1-lon-e-fdc. 
 
 
Figure C28. Fitting parameters of the virial equation to the uptake values of CH4 at 273 K and 298 K in case of tp-
PMBB-1-lon-e-Br. 
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Figure C29. Fitting parameters of the virial equation to the uptake values of CH4 at 273 K and 298 K in case of tp-
PMBB-1-lon-e-t-Bu. 
 
 
Figure C30. Fitting parameters of the virial equation to the uptake values of CH4 at 273 K and 298 K in case of tp-
PMBB-1-lon-e-H. 
 
189 
 
 
Figure C31. Fitting parameters of the virial equation to the uptake values of CH4 at 273 K and 298 K in case of tp-
PMBB-1-lon-e-NO2. 
 
Thermogravimetric Analysis 
 
 
Figure C32. Thermogravimetric analysis of tp-PMBB-1-lon-e variants. The -NH2 and OH variants show a gradual 
initial weight loss, instead of a clear plateau. This might indicate partial collapse at lower temperatures before full 
decomposition at around 320°C. 
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Calculation of Henry Constants for CO2 Adsorption 
 
Table C3. Henry constants of CO2 adsorption for porous lon-e networks. 
 
tp-PMBB-1-lon-e KH (mol/kg/bar) 
-H 4.7 
-fdc 4.4 
-Br 2.2 
-t-Bu 5.7 
-NO2 4.8 
 
 
Figure C33. Experimental Henry constants (KH) calculated, as the slope from zero loading to the first adsorption 
point in the isotherm, plotted against the volumetric surface areas (in m2/cm3). 
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Their trend corresponds to the estimated Qst values, by taking volumetric surface area 
into account. In this context lon-e-t-Bu shows the highest KH, in accordance with the literature 
where alkyl-group containing DMOFs have also demonstrated higher KH in comparison to the 
unfunctionalized counterparts.15 The lower Henry constant for lon-e-Br might be explained due 
to its considerably lower uptake in comparison to the other lon-e variants. 
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Single Crystal X-ray Diffraction 
 
Table C4. Crystal data and structure refinement for tp-PMBB-1-lon-e-NO2. 
 
Identification code  tp-PMBB-1-lon-e-NO2 
 
Empirical formula  
 
C86H42Cr3N12O54Zn6 
Formula weight  2655.54  
Temperature/K  228(2)  
Crystal system  hexagonal  
Space group  P63/mmc  
a/Å  19.2087(10)  
b/Å  19.2087(10)  
c/Å  36.042(4)  
α/°  90.00  
β/°  90.00  
γ/°  120.00  
Volume/Å3 11516.9(15)  
Z  2  
ρcalcmg/mm3 0.766  
m/mm-1 2.221  
F(000)  2652.0  
Crystal size/mm3 0.13 × 0.13 × 0.06  
2Θ range for data collection  4.9 to 135.62°  
Index ranges  -21 ≤ h ≤ 22, -17 ≤ k ≤ 22, -40 ≤ l ≤ 41  
Reflections collected  49226  
Independent reflections  3835[R(int) = 0.0881]  
Data/restraints/parameters  3835/54/159  
Goodness-of-fit on F2 1.096  
Final R indexes [I>=2σ (I)]  R1 = 0.0493, wR2 = 0.1234  
Final R indexes [all data]  R1 = 0.0701, wR2 = 0.1301  
Largest diff. peak/hole / e∙Å-3 0.43/-0.54  
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The 5-NO2-bdc ligand was refined as partially disordered over two crystallographic 
positions. Atoms C25A, C25B and C1 were refined isotropically. Disordered solvent molecules 
were partially refined and included as DMF in the molecular formula. 
 
Table C5. Crystal data and structure refinement for tp-PMBB-1-lon-e-H. 
 
Identification code  tp-PMBB-1-lon-e-H  
 
Empirical formula  
 
C86H48Cr3N6O42Zn6 
Formula weight  2385.52  
Temperature/K  100(2)  
Crystal system  hexagonal  
Space group  P63/mmc  
a/Å  18.9479(4)  
b/Å  18.9479(4)  
c/Å  35.9127(8)  
α/°  90.00  
β/°  90.00  
γ/°  120.00  
Volume/Å3 11166.1(4)  
Z  2  
ρcalcmg/mm3 0.710  
m/mm-1 2.207  
F(000)  2388.0  
Crystal size/mm3 0.1 × 0.1 × 0.05  
2Θ range for data collection  4.92 to 138.06°  
Index ranges  -22 ≤ h ≤ 22, -22 ≤ k ≤ 16, -25 ≤ l ≤ 42  
Reflections collected  44353  
Independent reflections  3837[R(int) = 0.0467]  
Data/restraints/parameters  3837/6/125  
Goodness-of-fit on F2 1.073  
Final R indexes [I>=2σ (I)]  R1 = 0.0513, wR2 = 0.1701  
Final R indexes [all data]  R1 = 0.0655, wR2 = 0.1792  
Largest diff. peak/hole / e∙Å-3 0.74/-0.46  
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Atom C2 was refined isotropically. Disordered solvent molecules were partially refined 
and included as DMF in the molecular formula. 
 
Table C6. Crystal data and structure refinement for tp-PMBB-1-lon-e-OMe. 
 
Identification code  tp-PMBB-1-lon-e-OMe  
 
Empirical formula  
 
C92H60Cr3N6O48Zn6 
Formula weight  2565.68  
Temperature/K  228(2)  
Crystal system  hexagonal  
Space group  P63/mmc  
a/Å  19.2343(7)  
b/Å  19.2343(7)  
c/Å  36.0090(13)  
α/°  90.00  
β/°  90.00  
γ/°  120.00  
Volume/Å3 11537.0(7)  
Z  2  
ρcalcmg/mm3 0.739  
m/mm-1 2.177  
F(000)  2580.0  
Crystal size/mm3 0.12 × 0.12 × 0.04  
2Θ range for data collection  4.9 to 137.44°  
Index ranges  -21 ≤ h ≤ 21, -15 ≤ k ≤ 14, -35 ≤ l ≤ 42  
Reflections collected  37683  
Independent reflections  3906[R(int) = 0.0416]  
Data/restraints/parameters  3906/69/170  
Goodness-of-fit on F2 1.094  
Final R indexes [I>=2σ (I)]  R1 = 0.0471, wR2 = 0.1487  
Final R indexes [all data]  R1 = 0.0553, wR2 = 0.1568  
Largest diff. peak/hole / e∙Å-3 0.80/-0.41  
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The 5-OMe-bdc ligand was refined as partially disordered over two crystallographic 
positions. Atom C2 was refined isotropically. Disordered solvent molecules were partially 
refined and included as DMF in the molecular formula. 
 
Table C7. Crystal data and structure refinement for tp-PMBB-1-lon-e-OH. 
 
Identification code  tp-PMBB-1-lon-e-OH  
 
Empirical formula  
 
C87.5H48Cr3N6O48Zn6 
Formula weight  2499.54  
Temperature/K  228(2)  
Crystal system  hexagonal  
Space group  P63/mmc  
a/Å  19.2040(14)  
b/Å  19.2040(14)  
c/Å  35.998(3)  
α/°  90.00  
β/°  90.00  
γ/°  120.00  
Volume/Å3 11497.1(14)  
Z  2  
ρcalcmg/mm3 0.722  
m/mm-1 2.177  
F(000)  2502.0  
Crystal size/mm3 0.2 × 0.2 × 0.1  
2Θ range for data collection  4.9 to 137.46°  
Index ranges  -21 ≤ h ≤ 22, -17 ≤ k ≤ 11, -33 ≤ l ≤ 43  
Reflections collected  37114  
Independent reflections  3845[R(int) = 0.0418]  
Data/restraints/parameters  3845/24/155  
Goodness-of-fit on F2 1.045  
Final R indexes [I>=2σ (I)]  R1 = 0.0408, wR2 = 0.1187  
Final R indexes [all data]  R1 = 0.0515, wR2 = 0.1241  
Largest diff. peak/hole / e∙Å-3 0.39/-0.46  
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The 5-OH-bdc ligand was refined as partially disordered over two crystallographic 
positions. Atoms C1 and C2 were refined isotropically. Disordered solvent molecules were 
partially refined and included as DMF in the molecular formula. Solvent molecules/anions bound 
at the UMCs of the Cr-trimer are derived from partially occupied C1 and fully occupied O2. 
 
Table C8. Crystal data and structure refinement for tp-PMBB-1-lon-e-t-Bu. 
 
Identification code  tp-PMBB-1-lon-e-t-Bu  
 
Empirical formula  
 
C110H96Cr3N6O42Zn6 
Formula weight  2722.15  
Temperature/K  100(2)  
Crystal system  hexagonal  
Space group  P63/mmc  
a/Å  19.0495(5)  
b/Å  19.0495(5)  
c/Å  36.0366(9)  
α/°  90.00  
β/°  90.00  
γ/°  120.00  
Volume/Å3 11325.1(5)  
Z  2  
ρcalcmg/mm3 0.798  
m/mm-1 2.215  
F(000)  2772.0  
Crystal size/mm3 0.11 × 0.11 × 0.05  
2Θ range for data collection  7.26 to 133.14°  
Index ranges  -21 ≤ h ≤ 21, -22 ≤ k ≤ 13, -31 ≤ l ≤ 42  
Reflections collected  47142  
Independent reflections  3714[R(int) = 0.0457]  
Data/restraints/parameters  3714/102/200  
Goodness-of-fit on F2 1.110  
Final R indexes [I>=2σ (I)]  R1 = 0.0605, wR2 = 0.1845  
Final R indexes [all data]  R1 = 0.0673, wR2 = 0.1925  
Largest diff. peak/hole / e∙Å-3 1.04/-0.75  
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The 5-t-Bu-bdc ligand was refined as partially disordered over two crystallographic 
positions. Atom C2 was refined isotropically. Disordered solvent molecules were partially 
refined and included as DMF in the molecular formula.  
 
Table C9. Crystal data and structure refinement for tp-PMBB-1-lon-e-NH2. 
 
Identification code  tp-PMBB-1-lon-e-NH2 
 
Empirical formula  
 
C85H54Cr3N12O43Zn6 
Formula weight  2479.62  
Temperature/K  228(2)  
Crystal system  hexagonal  
Space group  P63/mmc  
a/Å  19.1692(12)  
b/Å  19.1692(12)  
c/Å  35.986(4)  
α/°  90.00  
β/°  90.00  
γ/°  120.00  
Volume/Å3 11451.6(17)  
Z  2  
ρcalcmg/mm3 0.719  
m/mm-1 2.174  
F(000)  2488.0  
Crystal size/mm3 0.22 × 0.06 × 0.06  
2Θ range for data collection  4.92 to 135.92°  
Index ranges  -22 ≤ h ≤ 22, -22 ≤ k ≤ 21, -33 ≤ l ≤ 42  
Reflections collected  57139  
Independent reflections  3829[R(int) = 0.0492]  
Data/restraints/parameters  3829/58/155  
Goodness-of-fit on F2 1.148  
Final R indexes [I>=2σ (I)]  R1 = 0.0549, wR2 = 0.1808  
Final R indexes [all data]  R1 = 0.0626, wR2 = 0.1887  
Largest diff. peak/hole / e∙Å-3 0.82/-0.42  
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The 5-NH2-bdc ligand was refined as partially disordered over two crystallographic 
positions. Atoms C1 and O9 were refined isotropically. Disordered solvent molecules were 
refined as MeOH and H2O.  
 
Table C10. Crystal data and structure refinement for tp-PMBB-1-lon-e-Br. 
 
Identification code  tp-PMBB-1-lon-e-Br  
 
Empirical formula  
 
C86H42Br6Cr3N6O42Zn6 
Formula weight  2858.94  
Temperature/K  228(2)  
Crystal system  hexagonal  
Space group  P63/mmc  
a/Å  19.2095(5)  
b/Å  19.2095(5)  
c/Å  36.0245(9)  
α/°  90.00  
β/°  90.00  
γ/°  120.00  
Volume/Å3 11512.3(5)  
Z  2  
ρcalcmg/mm3 0.825  
m/mm-1 3.370  
F(000)  2796.0  
Crystal size/mm3 0.18 × 0.15 × 0.11  
2Θ range for data collection  4.9 to 137.64°  
Index ranges  -14 ≤ h ≤ 21, -19 ≤ k ≤ 15, -43 ≤ l ≤ 38  
Reflections collected  35414  
Independent reflections  3880[R(int) = 0.0455]  
Data/restraints/parameters  3880/51/152  
Goodness-of-fit on F2 1.079  
Final R indexes [I>=2σ (I)]  R1 = 0.0459, wR2 = 0.1493  
Final R indexes [all data]  R1 = 0.0571, wR2 = 0.1591  
Largest diff. peak/hole / e∙Å-3 0.81/-0.51  
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The 5-Br-bdc ligand was refined as partially disordered over two crystallographic 
positions. Atom C10 was refined isotropically. Disordered solvent molecules were partially 
refined and included as DMF in the molecular formula.  
 
Table C11. Crystal data and structure refinement for tp-PMBB-1-lon-e-fdc. 
 
Identification code  tp-PMBB-1-lon-e-fdc  
 
Empirical formula  
 
C77H36Cr3N6O48Zn6 
Formula weight  2361.34  
Temperature/K  228(2)  
Crystal system  hexagonal  
Space group  P63/mmc  
a/Å  19.0306(5)  
b/Å  19.0306(5)  
c/Å  36.2445(8)  
α/°  90.00  
β/°  90.00  
γ/°  120.00  
Volume/Å3 11367.8(5)  
Z  2  
ρcalcmg/mm3 0.690  
m/mm-1 2.185  
F(000)  2352.0  
Crystal size/mm3 0.25 × 0.25 × 0.08  
2Θ range for data collection  4.88 to 137.16°  
Index ranges  -21 ≤ h ≤ 22, -22 ≤ k ≤ 22, -42 ≤ l ≤ 39  
Reflections collected  61853  
Independent reflections  3874[R(int) = 0.0502]  
Data/restraints/parameters  3874/0/125  
Goodness-of-fit on F2 1.068  
Final R indexes [I>=2σ (I)]  R1 = 0.0334, wR2 = 0.0923  
Final R indexes [all data]  R1 = 0.0379, wR2 = 0.0956  
Largest diff. peak/hole / e∙Å-3 0.35/-0.45  
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Atoms C1, C5 and C24 were refined isotropically. Disordered solvent molecules were 
partially refined and included as DMF in the molecular formula. A charge balancing anion X- 
(NO3
- or OH-) could not be located and was possibly removed together with highly disordered 
solvent molecules during the SQUEEZE procedure. 
 
Table C12. Crystal data and structure refinement for tp-PMBB-1-lon-e-Me. 
 
Identification code  tp-PMBB-1-lon-e-Me  
 
Empirical formula  
 
C92H60Cr3N6O42Zn6 
Formula weight  2469.68  
Temperature/K  228(2)  
Crystal system  hexagonal  
Space group  P63/mmc  
a/Å  19.277(5)  
b/Å  19.277(5)  
c/Å  36.023(9)  
α/°  90.00  
β/°  90.00  
γ/°  120.00  
Volume/Å3 11592(5)  
Z  2  
ρcalcmg/mm3 0.708  
m/mm-1 2.135  
F(000)  2484.0  
Crystal size/mm3 0.31 × 0.2 × 0.15  
2Θ range for data collection  4.9 to 138.58°  
Index ranges  -22 ≤ h ≤ 22, -19 ≤ k ≤ 23, -35 ≤ l ≤ 41  
Reflections collected  31724  
Independent reflections  3948[R(int) = 0.0837]  
Data/restraints/parameters  3948/51/152  
Goodness-of-fit on F2 1.011  
Final R indexes [I>=2σ (I)]  R1 = 0.0471, wR2 = 0.1231  
Final R indexes [all data]  R1 = 0.0650, wR2 = 0.1297  
Largest diff. peak/hole / e∙Å-3 0.51/-0.43  
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The 5-Me-bdc ligand was refined as partially disordered over two crystallographic 
positions. Atom C17 was refined isotropically. Disordered solvent molecules were partially 
refined and included as DMF in the molecular formula.  
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APPENDIX D: 
Modular 4,6-connected fsb Topology Networks obtained through 2-Step Crystal Engineering of 
Decorated Trigonal Prismatic Nodes 
 
Characterization 
The X-ray intensity data were collected on a Bruker-AXS SMART-APEXII CCD 
diffractometer (CuKα, λ = 1.54178 Å) at 228 K. Indexing was performed using APEX2
1 
(Difference Vectors method). Data integration and reduction were performed using SaintPlus 
6.01.2 Absorption corrections were performed by multi-scan method implemented in SADABS.3 
Space groups were determined using XPREP implemented in APEX2.1 Structures were solved 
using SHELXS-97 (direct or Patterson methods) and refined using SHELXL-97 (full-matrix 
least-squares on F2) as a part of APEX21 SHELXL-2012 Beta version contained in OLEX24 and 
WinGX v1.70.015-8 program packages. Hydrogen atoms were placed in geometrically calculated 
positions and included in the refinement process using a riding model with isotropic thermal 
parameters: Uiso(H) = 1.2Ueq(-CH). The contribution of HIGHLY disordered solvent molecules 
was treated as diffuse using SQUEEZE procedure implemented in the PLATON program.9,10 
Powder X-ray diffraction was performed on a Bruker D8 Advance, CuKα, λ = 1.54178 Å 
(40 kV, 40 mA), at a range of 3 to 50° (2Theta) and a stepsize of 0.5s/0.01° (2Theta). 
Thermogravimetric Analysis was performed on a TGA Q50 (TA-Instruments-Waters LLC.) in 
the range of 25-800°C with a rate of 5°C/min. FT-IR data were recorded on a Perkin Elmer 
Spectrum Two FT-IR instrument in a range from 4000 to 400 cm-1 and a resolution of 4 cm-1.  
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All reagents and solvents are commercially available and were used without further 
purification. 
 
Synthesis and Characterization of the Nitrate Salt of tp-PMBB-1 
The preparation and structure of tp-PMBB-1 from stoichiometric amounts of 
Cr(NO3)3 ∙ 9 H2O and isonicotinic acid has been previously reported.
11-13 The procedure to obtain 
tp-PMBB-1 is described below: 
In a typical procedure, 4-pyridinecarboxylic acid (Acros Organics, 99%, 2.46 g, 
20.0 mmol) and Cr(NO3)3 · 9 H2O (Sigma-Aldrich Inc., 99%, 4.00 g, 10.0 mmol) were ground 
with 3 drops of H2O in an agate mortar for 5 minutes. The purple solid was placed in an open 
container at 85°C and allowed to react for 24 h or until it reached dryness. The resulting green 
solid was then removed, ground again and used as is for further syntheses. 
 
Synthesis of tp-PMBB-1-fsb-1 
[Cr3O(isonicH)6(H2O)2(NO3)](NO3)6 · 2 H2O (1.42 mmol, 2.00 g) was dissolved in 
100 mL of N,N-dimethylformamide (DMF) [Thermo Fisher Scientific Inc., certified ACS, 
99.9%] for 15 min in an ultrasonic bath. The solution was filtered and a 1 mL aliquot was placed 
in a 20 mL scintillation vial. A solution of zinc nitrate hexahydrate (0.5 mL, 0.284 M in DMF) 
and 2,5-thiophenedicarboxylic acid (0.8 mL, 0.284 M in DMF) was added together with 0.8 mL 
DMF and 0.7 mL MeOH. The mixture was heated at 50°C for 3 days. A light green needle-
shaped crystal was harvested and used for single crystal X-ray crystallographic study. The 
remaining crystalline product was washed with DMF (3 x 5 mL) and dried in air for 1 hour 
(yield: ca. 25% based on Cr).  
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Synthesis of tp-PMBB-1-fsb-2 
[Cr3O(isonicH)6(H2O)2(NO3)](NO3)6 · 2 H2O (1.42 mmol, 2.00 g) was dissolved in 
100 mL of N,N-dimethylformamide (DMF) [Thermo Fisher Scientific Inc., certified ACS, 
99.9%] for 15 min in an ultrasonic bath. The solution was filtered and a 1 mL aliquot was placed 
in a 20 mL scintillation vial. A solution of zinc nitrate hexahydrate (0.4 mL, 0.284 M in DMF) 
and 1,4-benzenedicarboxylic acid (1.2 mL, 0.073 M in DMF) was added together with 10 mL 
DMF and 0.5 mL EtOH. The mixture was heated at 50°C for 3 days. A light green needle-shaped 
crystal was harvested and used for single crystal X-ray crystallographic study. The remaining 
crystalline product was washed with DMF (3 x 5 mL) and dried in air for 1 hour (yield: ca. 32% 
based on Cr).  
 
Powder X-ray Diffraction 
 
 
Figure D1. Comparison of experimental (background-corrected) and calculated powder X-ray diffraction patterns of 
tp-PMBB-1-fsb-1. 
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Figure D2. Comparison of experimental (background-corrected) and calculated powder X-ray diffraction patterns of 
tp-PMBB-1-fsb-2. 
 
Thermogravimetric Analysis (TGA) 
 
 
Figure D3. Thermogravimetric analysis of tp-PMBB-1-fsb-1 and tp-PMBB-1-fsb-2. 
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Infrared Spectroscopy (IR) 
 
 
Figure D4. Infrared spectrum of tp-PMBB-1-fsb-1. 
 
 
Figure D5. Infrared spectrum of tp-PMBB-1-fsb-2. 
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Single Crystal X-ray Diffraction 
 
Table D1. Crystal data and structure refinement for tp-PMBB-1-fsb-1. 
 
Identification code  tp-PMBB-1-fsb-1  
  
Empirical formula  C54H30Cr3N6O28S3Zn3  
Formula weight  1659.13  
Temperature/K  228(2)  
Crystal system  hexagonal  
Space group  P6/mmm  
a/Å  30.04(2)  
b/Å  30.04(2)  
c/Å  13.361(10)  
α/°  90  
β/°  90  
γ/°  120  
Volume/Å3  10442(17)  
Z  2  
ρcalcmg/mm
3  0.528  
m/mm-1  2.147  
F(000)  1660.0  
Crystal size/mm3  0.21 × 0.21 × 0.13  
Radiation  CuKα (λ = 1.54178)  
2Θ range for data collection  11.172 to 69.618°  
Index ranges  -18 ≤ h ≤ 18, -22 ≤ k ≤ 22, -9 ≤ l ≤ 9  
Reflections collected  2939  
Independent reflections  908 [Rint = 0.0855, Rsigma = 0.0905]  
Data/restraints/parameters  908/41/106  
Goodness-of-fit on F2  1.009  
Final R indexes [I>=2σ (I)]  R1 = 0.0678, wR2 = 0.1814  
Final R indexes [all data]  R1 = 0.0895, wR2 = 0.1878  
 
The crystal did not diffract past approximately: 69.64 2theta/ 1.35 Å resolution. 
Additionally one of the 2,5-thiophenedicarboxylates is disordered over three positions. The 
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crystal was a twin - both reciprocal twin latices were found with Apex2/Rlatt program and 
simultaneously integrated - twin law from Bruker *._ls file -0.83974 0.26270 0.16907, 1.10295 
0.84130 -0.10325, -0.03227 0.00334 -0.99693.  
The detwinned file twin4.hkl has been used for subsequent refinement. The structure has 
been refined using the following restraints:  
DFIX 1.25 O4 C4, 
DFIX 1.5 C4 C1, 
DFIX 1.58 C13 C1, 
DFIX 1.37 C31 C13, 
DFIX 1.33 N5 C31, 
DANG 2.39 C13 C13_$9, 
DANG 2.34 C31 C31_$9, 
DANG 2.74 C13 C31_$9, 
DFIX 1.25 O3 C17, 
DFIX 1.25 O17B C17, 
DFIX 1.25 O19 C37 O20 C37, 
DFIX 1.5 C38 C37, 
DFIX 1.42 C2_$3 C2, 
DFIX 1.36 C36 C2, 
DFIX 1.5 C36 C17, 
DFIX 1.72 S2 C38, 
DFIX 1.72 S1 C36, 
DFIX 1.36 C39 C38, 
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DANG 2.7 0.02 N5 C1, 
DANG 2.95 O3 S1, 
DANG 2.1 O19 O20, 
DANG 2.38 O20 C38, 
DANG 2.38 O19 C38, 
DANG 2.31 C36 C2_$4, 
DANG 2.46 C36 C36_$4, 
DANG 2.46 C38_$4 C38, 
DANG 2.31 C38 C39_$4, 
FLAT C4 C1 C13 C31 N5 O4, 
FLAT 0.04 O19 C37 O20 C38, 
FLAT 0.04 C17 C36 C2 C2_$3 C36_$3 S1, 
FLAT 0.04 C37 C38 S2 C38_$4 C39_$4 C39, 
DFIX 1.38 0.01 C1 C13 C13 C31, 
DFIX 1.34 0.01 C31 N5. 
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Table D2. Crystal data and structure refinement for tp-PMBB-1-fsb-2. 
 
Identification code  tp-PMBB-1-fsb-2  
  
Empirical formula  C60H36Cr3N6O28Zn3  
Formula weight  1641.06  
Temperature/K  228(2)  
Crystal system  hexagonal  
Space group  P6/mmm  
a/Å  30.242(4)  
b/Å  30.242(4)  
c/Å  13.406(3)  
α/°  90  
β/°  90  
γ/°  120  
Volume/Å3  10618(4)  
Z  2  
ρcalcmg/mm
3  0.513  
m/mm-1  1.841  
F(000)  1648.0  
Crystal size/mm3  0.31 × 0.04 × 0.02  
Radiation  CuKα (λ = 1.54178)  
2Θ range for data collection  5.844 to 69.634°  
Index ranges  -14 ≤ h ≤ 22, -22 ≤ k ≤ 21, -9 ≤ l ≤ 9  
Reflections collected  12337  
Independent reflections  930 [Rint = 0.0901, Rsigma = 0.0442]  
Data/restraints/parameters  930/41/106  
Goodness-of-fit on F2  1.085  
Final R indexes [I>=2σ (I)]  R1 = 0.0666, wR2 = 0.1881  
Final R indexes [all data]  R1 = 0.0833, wR2 = 0.1956  
 
The crystal diffracts only to approximately: 69.64 2theta/ 1.35 Å resolution. One of the 
1,4-bdc ligand is disordered over two positions. The following restraints have been used during 
the refinement : 
DFIX 1.34 0.01 C9 N5, 
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DFIX 1.48 0.01 C78 C30 C11 C4, 
DFIX 1.25 0.01 O66 C78 O68 C78 C11 O3, 
DFIX 1.39 0.01 C30 C22 C43 C30 C9 C14 C4 C14, 
DFIX 1.39 0.01 C22 C22_$1 C43 C43_$1, 
DELU C4 C11 C9 C14, 
RIGU 0.001 0.001 O66 C78 O68 C30 C43. 
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APPENDIX E: 
2-Step Crystal Engineering of Metal-Organic Materials from Preformed Trigonal Prismatic 
Molecular Building Blocks 
 
Additional Figures 
 
 
Figure E1. Staggered arrangement of the MBBs in tp-PMBB-2-stp-1 to compensate the 120° angle of the nicotinate 
ligand. 
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Figure E2. Relation between acs and stp-nets. 
 
[CdN3(NO3)2(H2O)]     [CdN3(NO3)(H2O)2]
+
 
 
Figure E3. Coordination environment in tp-PMBB-2-rtl-1. 
 
Both cadmium nodes within the formula unit can be described as 
[Cd2(NO3)3(H2O)3](NO3)
 and therefore divided into [CdN3(NO3)2(H2O)] and 
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[CdN3(NO3)(H2O)2](NO3). The fourth charge balancing nitrate anion is not bound to the Cd-
centers but sustains a hydrogen bond (2.742(11) Å) to H2O at the axial position of the MBB. 
 
Selective Crystallization of tp-PMBB-4-stp-1 
 
 
Figure E4. Comparison of bond distances of tp-PMBB-4-stp-1 (as) to nitrate and acetate anions bound on Cu2+. 
Selective crystallization of the nitrate analogue is observed. 
 
Single crystal X-ray diffraction revealed that the 4-connected CuN4-node is additionally 
complexed by 2 nitrate counterions (left, disorder omitted for clarity) even though acetate was 
also used during the synthesis. A comparison of bond distances of electron density assigned as 
nitrate in tp-PMBB-4-stp-1, with nitrate and acetate anions coordinated to Cu2+ retrieved from 
CSD (version 5.34, Nov. 2012) prove the presence of nitrate instead of acetate. Firstly the Cu∙∙∙O 
distance is 2.534(4) Å and therefore closely matches to the median bond distance retrieved from 
CSD of about 2.50 Å. Secondly the C∙∙∙C distance in acetate (from CSD) is around 1.51 Å in 
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length whereas this distance is not present in tp-PMBB-4-stp-1. The N∙∙∙O distances in tp-
PMBB-4-stp-1 range from 1.20 to 1.29 Å which are also rather comparable to nitrate than 
acetate. 
 
Flexibility through Solvent Exchange 
 
Table E1. Unit cell parameters and volumes of tp-PMBB-2-acs-1 after exposure to different solvents. (aunit cell 
parameters are presented from tp-PMBB-1-acs-1-Br exchanged in methanolic solution). 
 
 
 
 
 
 
Figure E5. Ratio of a/c cell parameters of tp-PMBB-2-acs-1 upon exposure to different solvents. 
 
cell 
 
MeOHa EtOH 1-BuOH as Toluene o-DCB 
a, b [Å] 19.14 19.92 20.57 20.78 20.97 21.01 
c [Å] 22.92 22.16 21.43 21.06 20.30 19.96 
V [Å³] 7273 7616 7850 7874 7630 7630 
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Figure E6. Differences in cell parameters in tp-PMBB-2-acs-1(as) (grey) and tp-PMBB-2-acs-1-EtOH (colored) 
along the [001] direction. The reduction in a,b cell parameters is clearly visible. 
 
Anion Exchange and Gas Adsorption 
 
 
Figure E7. Exchange of NO3
- by OTs- in tp-PMBB-2-acs-1. 
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Figure E8. Exchange of NO3
- by BF4
- in tp-PMBB-2-acs-1. 
 
 
Figure E9. Coordination environment around Cu2+ in the exchanged tp-PMBB-2-acs-1-Br. The CuN2 node 
accommodates one bromide anion (disordered over two positions) and two water/solvent molecules. 
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Figure E10. Gas sorption of carbon dioxide at 195 K for tp-PMBB-2-acs-1-BF4. 
 
 
Figure E11: Exchange of NO3
- by BF4
- in tp-PMBB-4-stp-1. 
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Figure E12. Exchange of NO3
- by OTs- in tp-PMBB-4-stp-1. 
 
Table E2: Unit cell parameters of tp-PMBB-4-stp-1-BF4. (Bruker-AXS APEX2 CCD diffractometer). 
 
Identification code 
 
Temperature                                           
Crystal system 
Unit cell dimensions               
 
 
Volume 
tp-PMBB-4-stp-1-BF4 
 
100(2) K 
Hexagonal 
a = 26.211 Å,  α = 90° 
b = 26.211 Å,  β = 90° 
c = 28.156 Å,  γ = 120° 
16752 Å3 
 
A full single crystal X-ray crystallographic analysis of tp-PMBB-4-stp-1-BF4 could not 
be performed due to low crystal quality and weak diffraction, even with the use of synchrotron 
radiation. 
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Figure E13. Reversible exchange of OTs- and NO3
- in tp-PMBB-4-stp-1. 
 
 
Figure E14. Infrared spectrum of tp-PMBB-4-stp-1 in comparison to sodium acetate. 
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tp-PMBB-4-stp-1 crystallizes exclusively with nitrates as counterions as proven by single 
crystal X-ray crystallography. Very small amounts of free acetates within the channels can be 
detected by IR-spectroscopy, visible as small shoulders at 1544 and 1402 cm-1. 
 
Anion Selectivity Experiments 
In a typical procedure, tp-PMBB-4-stp-1 was washed twice with about 2 mL of MeOH 
and subsequently immersed in an equimolar solution of LiOTs (0.31 M in MeOH, 0.53 mL) and 
LiBF4 (0.53 M in MeOH, 0.31 mL). After 24 h the crystals were washed with MeOH and briefly 
dried in air. 
 
 
Figure E15. FT-IR of exchanged tp-PMBB-4-stp-1 showing selectivity for certain anion species. 
 
Overall selectivity: OTs- > BF4
- > NO3
- 
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Synthesis and Structure of tp-PMBB-2 
Procedure for preparation of the nitrate salt of tp-PMBB-2. In a typical procedure, 3-
pyridinecarboxylic acid (Acros Organics, 99%, 0.492 g, 4.00 mmol) was dissolved in 50 mL of 
H2O (deionized) at 80°C, Cr(NO3)3 · 9 H2O (Sigma-Aldrich Inc., 99%, 0.800 g, 2.00 mmol) was 
added and the resulting solution was evaporated to dryness (yield: 100%). The as-isolated crude 
product was used to conduct synthesis of network structures based upon tp-PMBB-2. 
The nitrate salt of tp-PMBB-2 was characterized by FT-IR spectroscopy (Nicolet Avatar 
320 FTIR, reflectance, Figure E16), and thermogravimetric analysis (Perkin Elmer STA 6000, 
Figure E17). Similarities in the peak positions of the infrared spectrum to those of other isolated 
discrete tp-PMBBs were confirmed. 
 
Figure E16. FT-IR of the nitrate salt of tp-PMBB-2. Nicolet Avatar 320 FT-IR, solid state, absorbance, 3500 –
 600 cm-1, resolution 4 cm-1. 
 
225 
 
 
Figure E17. TGA of the nitrate salt of tp-PMBB-2. Perkin Elmer STA 6000, 13.250 mg, 35 – 750°C, ramp 
5°C/min. 
 
Synthesis and Structure of tp-PMBB-4 
Procedure for preparation of tp-PMBB-4. In a typical procedure, trans-3-(3-
Pyridyl)acrylic acid (Alfa Aesar, 99%, 0.298 g, 2.00 mmol) was dissolved in 100 mL of H2O 
(deionized) at 80°C and 2 M NaOH (Sigma-Aldrich Inc., 97%, 0.400 g in 5 mL H2O, 0.167 mL) 
was added. Then Cr(NO3)3 · 9 H2O (Sigma-Aldrich Inc., 99%, 0.400 g, 1.00 mmol) was added 
and the resulting solution was evaporated to dryness (yield 100%). The as-isolated crude product 
was used to conduct synthesis of network structure based upon tp-PMBB-4. 
tp-PMBB-4 was characterized by FT-IR spectroscopy (Nicolet Avatar 320 FTIR, 
reflectance, Figure E18). Similarities in the peak positions to other isolated discrete tp-PMBBs 
were confirmed. 
 
226 
 
 
Figure E18. FT-IR of tp-PMBB-4. Nicolet Avatar 320 FT-IR, solid state, absorbance, 3500 – 600 cm-1, resolution 
4 cm-1. 
 
Synthesis and Structure of tp-PMBB-2-stp-1 
Procedure for preparation of tp-PMBB-2-stp-1. tp-PMBB-2 (0.2524 g) was suspended in 
8.0 mL of tetrahydrofuran and 1.3 mL of a saturated aqueous sodium bicarbonate solution was 
added. After stirring for 15 minutes, the solution was filtered and the THF layer was decanted. 
2 mL of the THF solution were placed into a test tube and layered with a solution of 
MnCl2 · 4 H2O (Alfa Aesar, 99%, 0.15 mmol, 0.0297 g) in 2 mL MeOH.. After 3 days at room 
temperature, a light-green hexagonal-shaped single crystal suitable for single crystal X-ray was 
harvested. The rest of the crystalline product was collected by filtration, washed with small 
amounts of THF and dried briefly in air (yield: 0.04 g, 9% based on Mn). 
Crystals of tp-PMBB-2-stp-1 were characterized by FT-IR spectroscopy (Nicolet Avatar 
320 FTIR, absorbance, Figure E19), thermogravimetric analysis (Perkin Elmer STA 6000, 
Figure E20), powder X-ray diffraction (Bruker-AXS SMART-APEXII CCD diffractometer, 
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CuKα, λ = 1.54178 Å, Figure E21) and single crystal X-ray crystallography (Bruker-AXS 
SMART-APEXII CCD diffractometer, CuKα, λ = 1.54178 Å, Table E3). 
Crystal Structure of tp-PMBB-2-stp-1. The single crystal X-ray structural study reveals 
that tp-PMBB-2-stp-1 crystallizes in the hexagonal space group P63/mcm (a = b = 
22.0450(19) Å, c = 21.7680(16) Å, γ = 120°) and is built from tp-PMBB-2. Four of these are 
connected via the pyridine moiety of the nicotinate anions to an octahedral Mn2+ metal node 
additionally coordinated by 2 charge balancing chloride anions. The resulting underlying net 
shows the stp (6,4) topology. The structure possesses hexagonal channels of diameter 14 Å 
running along [001]. 
 
 
Figure E19. FT-IR of tp-PMBB-2-stp-1. Nicolet Avatar 320 FT-IR, solid state, absorbance, 3500 – 600 cm-1, 
resolution 4 cm-1. 
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Figure E20. TGA of tp-PMBB-2-stp-1. Perkin Elmer STA 6000, 12.745 mg, 30 – 650°C, ramp 5°C/min. 
 
 
Figure E21. Comparison of experimental (background corrected) and calculated powder X-ray diffraction patterns 
of tp-PMBB-2-stp-1. Bruker-AXS SMART-APEXII CCD diffractometer. 
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Table E3. Single crystal X-ray diffraction data for tp-PMBB-2-stp-1. Bruker-AXS APEX2 CCD diffractometer. 
 
Identification code 
 
Empirical formula                  
Formula weight                     
Temperature                        
Wavelength                         
Crystal system, space group        
Unit cell dimensions               
 
 
Volume                              
Z 
Calculated density                
Absorption coefficient             
F(000)                             
Crystal size                       
Theta range for data collection    
Limiting indices                    
Reflections collected / unique      
Completeness to theta = 14.10      
Absorption correction              
Max. and min. transmission         
Refinement method                  
Data / restraints / parameters     
Goodness-of-fit on F2             
Final R indices [I>2sigma(I)]      
R indices (all data)               
Largest diff. peak and hole        
tp-PMBB-2-stp-1 
 
C72H48Cl6Cr6Mn3N12O32 
2282.74 g/mol 
100(2) K 
0.41328 Å 
Hexagonal,  P63/mcm 
a = 22.0450(19) Å,  α = 90° 
b = 22.0450(19) Å,  β = 90° 
c = 21.7680(16) Å,  γ = 120° 
9162(2) Å3 
2 
0.827 Mg/m3 
0.130 mm-1 
2282  
0.05 x 0.02 x 0.02 mm 
1.20 to 14.10° 
-24<=h<=17, -25<=k<=24, -23<=l<=25 
31738 / 2823 [R(int) = 0.0771] 
99.6 % 
Semi-empirical from equivalents 
0.9974 and 0.9935 
Full-matrix least-squares on F2 
2823 / 12 / 106 
1.057 
R1 = 0.0671, wR2 = 0.2139 
R1 = 0.0853, wR2 = 0.2271 
0.872 and -0.324 e∙Å-3 
 
Synthesis and Structure of tp-PMBB-2-acs-1 
Procedure for preparation of tp-PMBB-2-acs-1. tp-PMBB-2 (0.0631 g) was dissolved in 
3.0 mL of a 2:1 mixture of DMF (N,N-dimethylformamide, Acros Organics, 99%, 2 mL) and 
MeCN (Acetonitrile, Fisher Scientific, 99.9%, 1 mL). The resulting solution was placed in a test 
tube and layered first with 1 mL of 1:1 mixture of DMF/MeCN and then with a solution of 
Cu(CH3CO2)2 · H2O (Acros Organics, 98%, 0.10 mmol, 0.0200 g) in 3 mL of a 1:2 mixture of 
DMF/MeCN. After 3 days at room temperature, a blue-green hexagonal-shaped single crystal 
230 
 
suitable for single crystal X-ray was harvested. The rest of the crystalline product was collected 
by filtration, washed with small amounts of DMF and MeCN and dried briefly in air (yield: 
0.012 g, 27% based on Cu). 
Crystals of tp-PMBB-2-acs-1 were characterized by FT-IR spectroscopy (Nicolet Avatar 
320 FTIR, absorbance, Figure E22), thermogravimetric analysis (Perkin Elmer STA 6000, 
Figure E23), powder X-ray diffraction (Bruker-AXS SMART-APEXII CCD diffractometer, 
CuKα, λ = 1.54178 Å, Figure E24) and single crystal X-ray crystallography (Bruker-AXS 
SMART-APEXII CCD diffractometer, CuKα, λ = 1.54178 Å, Table E4). 
Crystal Structure of tp-PMBB-2-acs-1. The single crystal X-ray structural study reveals 
that tp-PMBB-2-acs-1 crystallizes in the hexagonal space group P63/m (a = b = 20.7719(9) Å, c 
= 21.0533(10) Å, γ = 120°) and is built from tp-PMBB-2. Two of these are connected via the 
pyridine moiety of the nicotinate anions to an octahedral Cu2+ metal node additionally 
coordinated by 4 solvent molecules. The two 120° angles in the linearly connected nicotinic acid 
moieties compensate each other and the resulting underlying net shows the default acs (6,6) 
topology. The structure possesses hexagonal channels of diameter 18.5 Å running along [001]. 
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Figure E22. FT-IR of tp-PMBB-2-acs-1. Nicolet Avatar 320 FT-IR, solid state, absorbance, 3500 – 600 cm-1, 
resolution 4 cm-1. 
 
 
Figure E23. TGA of tp-PMBB-2-acs-1. Perkin Elmer STA 6000, 8.700 mg, 30 – 750°C, ramp 2°C/min. 
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Figure E24. Comparison of experimental (background corrected) and calculated powder X-ray diffraction patterns 
of tp-PMBB-2-acs-1. Bruker-AXS SMART-APEXII CCD diffractometer. 
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Table E4. Single crystal X-ray diffraction data for tp-PMBB-2-acs-1. Bruker-AXS APEX2 CCD diffractometer. 
 
Identification code 
 
Empirical formula                  
Formula weight                     
Temperature                        
Wavelength                         
Crystal system, space group        
Unit cell dimensions               
 
 
Volume                              
Z 
Calculated density                
Absorption coefficient             
F(000)                             
Crystal size                       
Theta range for data collection    
Limiting indices                    
Reflections collected / unique      
Completeness to theta = 42.51      
Absorption correction              
Max. and min. transmission         
Refinement method                  
Data / restraints / parameters     
Goodness-of-fit on F2             
Final R indices [I>2sigma(I)]      
R indices (all data)               
Largest diff. peak and hole        
tp-PMBB-2-acs-1 
 
C36H24Cr3Cu3N6O28 
1335.23 g/mol 
100(2) K 
1.54178 Å 
Hexagonal,  P63/m 
a = 20.7719(9) Å,  α = 90° 
b = 20.7719(9) Å,  β = 90° 
c = 21.0533(10) Å,  γ = 120° 
7866.9(6) Å3 
2 
0.564 Mg/m3 
2.367 mm-1 
1330 
0.06 x 0.04 x 0.04 mm 
2.46 to 42.51° 
-18<=h<=18, -18<=k<=16, -18<=l<=18 
19296 / 1936 [R(int) = 0.0631] 
99.9 % 
Semi-empirical from equivalents 
0.9113 and 0.8710 
Full-matrix least-squares on F2 
1936 / 60 / 120 
1.047 
R1 = 0.0951, wR2 = 0.2361 
R1 = 0.1062, wR2 = 0.2433 
0.980 and -0.360 e∙Å-3 
 
Synthesis and Structure of tp-PMBB-2-acs-1-Br 
Procedure for preparation of tp-PMBB-2-acs-1-Br. As-prepared tp-PMBB-2-acs-1 
(0.050 g) was immersed into 5 mL of a solution of lithium bromide (5% w/v, LiBr) in methanol. 
The solution was replaced once after 36 hours. After 3 days at room temperature, a green 
hexagonal-shaped single crystal suitable for single crystal X-ray was harvested. The rest of the 
crystalline product was collected by filtration, washed with small amounts of MeOH and dried 
briefly in air. 
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Crystals of tp-PMBB-4-acs-1-Br were characterized by FT-IR spectroscopy (Nicolet 
Avatar 320 FTIR, absorbance, Figure E25) and single crystal X-ray crystallography (Bruker-
AXS SMART-APEXII CCD diffractometer, CuKα, λ = 1.54178 Å, Table E5). 
Crystal Structure of tp-PMBB-2-acs-1-Br. The single crystal X-ray structural study 
reveals that tp-PMBB-2-acs-1 crystallizes in the hexagonal space group P63/m and retains its 
structure upon anion exchange with slight changes in cell parameters (a = b = 19.134(4) Å, c = 
22.922(5) Å, γ = 120°). The octahedral Cu2+ metal node is additionally coordinated by one 
charge balancing bromide anion (disordered over 2 positions) together with two water molecules. 
The resulting underlying net remains unaltered as the acs (6,6) topology. 
 
 
Figure E25. FT-IR of tp-PMBB-2-acs-1-Br. Nicolet Avatar 320 FT-IR, solid state, reflectance, 3500 – 600 cm-1, 
resolution 4 cm-1. 
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Table E5. Single crystal X-ray diffraction data for tp-PMBB-2-acs-1-Br. Bruker-AXS APEX2 CCD diffractometer. 
 
Identification code 
 
Empirical formula                  
Formula weight                     
Temperature                        
Wavelength                         
Crystal system, space group        
Unit cell dimensions               
 
 
Volume                              
Z 
Calculated density                
Absorption coefficient             
F(000)                             
Crystal size                       
Theta range for data collection    
Limiting indices                    
Reflections collected / unique      
Completeness to theta = 30.26 
Absorption correction              
Max. and min. transmission         
Refinement method                  
Data / restraints / parameters     
Goodness-of-fit on F2             
Final R indices [I>2sigma(I)]      
R indices (all data)               
Largest diff. peak and hole        
tp-PMBB-2-acs-1-Br 
 
C36H24Br3Cr3Cu3N6O22  
1335.23 g/mol 
100(2) K 
1.54178 Å 
Hexagonal,  P63/m 
a = 19.134(4) Å,  α = 90° 
b = 19.134(4) Å,  β = 90° 
c = 22.922(5) Å,  γ = 120° 
7268(3) Å3 
2 
0.676 Mg/m3 
3.486 mm-1 
1444 
0.05 x 0.03 x 0.03 mm  
3.29 to 30.26° 
-12<=h<=5, -7<=k<=12, -14<=l<=5 
2317 / 750 [R(int) = 0.0711] 
99.5 % 
Semi-empirical from equivalents 
0.9026 and 0.8450 
Full-matrix least-squares on F2 
750 / 76 / 120  
1.003 
R1 = 0.0789, wR2 = 0.2156 
R1 = 0.1061, wR2 = 0.2269 
0.215 and -0.221 e∙Å-3 
 
Solvent Exchange in tp-PMBB-2-acs-1 
Procedure for preparation of tp-PMBB-2-acs-1-solv. As-prepared tp-PMBB-2-acs-1 
(~0.050 g) was immersed into 5 mL of EtOH, BuOH, toluene or o-DCB. After 3 days at room 
temperature, a green hexagonal-shaped single crystal suitable for single crystal X-ray 
crystallography was harvested.  
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Crystals of tp-PMBB-4-acs-1-solv were characterized by single crystal X-ray 
crystallography (Bruker-AXS SMART-APEXII CCD diffractometer, CuKα, λ = 1.54178 Å, 
Table E6). 
Crystal Structure of tp-PMBB-2-acs-1-solv. Unit cell determinations were performed on 
exchanged compounds containing BuOH, toluene, o-DCB whereas structure solution and 
refinement could not be performed due to weak diffraction (too low resolution < 1.8 Å) of the 
exchanged crystals. Exchange with EtOH produced moderate to good quality single crystals and 
therefore a full dataset was collected. 
The single crystal X-ray structural study reveals that tp-PMBB-2-acs-1-EtOH crystallizes 
in the hexagonal space group P63/m and retains its structure upon guest exchange with slight 
changes in cell parameters (a = b = 19.221(4) Å,  c = 22.819(4) Å, γ = 120°). The octahedral 
Cu2+ metal node is coordinated by two water/solvent molecules. The identity of these groups 
could not be elucidated from single crystal X-ray crystallography. The resulting underlying net 
remains unaltered as the acs (6,6) topology. 
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Table E6. Single crystal X-ray diffraction data for tp-PMBB-2-acs-1-EtOH. Bruker-AXS APEX2 CCD 
diffractometer. 
 
Identification code 
 
Empirical formula                  
Formula weight                     
Temperature                        
Wavelength                         
Crystal system, space group        
Unit cell dimensions               
 
 
Volume                              
Z 
Calculated density                
Absorption coefficient             
F(000)                             
Crystal size                       
Theta range for data collection    
Limiting indices                    
Reflections collected / unique      
Completeness to theta = 37.02      
Absorption correction              
Max. and min. transmission         
Refinement method                  
Data / restraints / parameters     
Goodness-of-fit on F2             
Final R indices [I>2sigma(I)]      
R indices (all data)               
Largest diff. peak and hole        
tp-PMBB-2-acs-1-EtOH 
 
C36H24Cr3Cu3N6O28 
1335.23 g/mol 
100(2) K 
1.54178 Å 
Hexagonal,  P63/m 
a = 19.221(4) Å,  α = 90° 
b = 19.221(4) Å,  β = 90° 
c = 22.819(4) Å,  γ = 120°  
7301(2) Å3 
2 
0.607 Mg/m3 
2.551 mm-1 
1330 
0.06 x 0.04 x 0.04 mm 
2.65 to 37.02° 
-15<=h<=15, -15<=k<=15, -17<=l<=17 
49017 / 1261 [R(int) = 0.0871]  
99.4 % 
Semi-empirical from equivalents 
0.9048 and 0.8620 
Full-matrix least-squares on F2 
1261 / 32 / 120  
1.134 
R1 = 0.0577, wR2 = 0.1659 
R1 = 0.0618, wR2 = 0.1692 
0.276 and -0.308 e∙Å-3 
 
Synthesis and Structure of tp-PMBB-2-rtl-1 
Procedure for preparation of tp-PMBB-2-rtl-1. tp-PMBB-2 (0.125 g) was dissolved in 
4.0 mL of methanol together with 0.042 mL of triethylamine. Then 2 mL of this solution was 
layered onto a solution of Cd(NO3)2 · 4 H2O (Fisher Scientific, 99%, 0.15 mmol, 0.0463 g) in 
2 mL of ethanol. After 4 days at room temperature, a long green prismatic single crystal suitable 
for single crystal X-ray was harvested. The rest of the crystalline product was collected by 
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filtration, washed with small amounts of MeOH and dried briefly in air (yield: 0.02 g, 18% based 
on Cd). 
Crystals of tp-PMBB-2-rtl-1 were characterized by FT-IR spectroscopy (Nicolet Avatar 
320 FTIR, absorbance, Figure E26), powder X-ray diffraction (Bruker-AXS SMART-APEXII 
CCD diffractometer, CuKα, λ = 1.54178 Å, Figure E27) and single crystal X-ray crystallography 
(Bruker-AXS SMART-APEXII CCD diffractometer, CuKα, λ = 1.54178 Å, Table E7). 
Crystal Structure of tp-PMBB-2-rtl-1. The single crystal X-ray structural study reveals 
that tp-PMBB-2-rtl-1 crystallizes in the tetragonal space group P-421c (a = b = 20.6081(15) Å, c 
= 22.3495(17) Å) and is built from tp-PMBB-2. Three of these are connected via the pyridine 
moiety of the nicotinate anions to Cd2+ metal node additionally coordinated by 2 charge 
balancing nitrate counterions and one water molecule. The resulting underlying net shows the rtl 
(6,3) topology. The structure possesses channels of diameter 10 Å running along [001]. 
 
 
Figure E26. FT-IR of tp-PMBB-2-rtl-1. Nicolet Avatar 320 FT-IR, solid state, reflectance, 3500 – 600 cm-1, 
resolution 4 cm-1. 
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Figure E27. Comparison of experimental (background corrected) and calculated powder X-ray diffraction patterns 
of tp-PMBB-2-rtl-1. Bruker-AXS SMART-APEXII CCD diffractometer. 
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Table E7. Single crystal X-ray diffraction data for tp-PMBB-2-rtl-1. Bruker-AXS APEX2 CCD diffractometer. 
 
Identification code 
 
Empirical formula                  
Formula weight                     
Temperature                        
Wavelength                         
Crystal system, space group        
Unit cell dimensions               
  
 
Volume                              
Z 
Calculated density                
Absorption coefficient             
F(000)                             
Crystal size                       
Theta range for data collection    
Limiting indices                    
Reflections collected / unique      
Completeness to theta = 14.98      
Absorption correction              
Max. and min. transmission         
Refinement method                  
Data / restraints / parameters     
Goodness-of-fit on F2             
Final R indices [I>2sigma(I)]      
R indices (all data)               
Absolute structure parameter       
Largest diff. peak and hole        
tp-PMBB-2-rtl-1 
 
C38H24Cd2Cr3N10O31 
1497.47 g/mol 
100(2) K 
0.41328 Å 
Tetragonal,  P-421c 
a = 20.6081(15) Å,  α = 90° 
b = 20.6081(15) Å,  β = 90° 
c = 22.3495(17) Å,  γ = 90° 
9491.7(12) Å3 
4 
1.048 Mg/m3 
0.657 mm-1 
2952  
0.10 x 0.02 x 0.02 mm 
0.78 to 14.98° 
-25<=h<=24, -25<=k<=25, -26<=l<=27 
73704 / 9449 [R(int) = 0.0652] 
98.3 %  
Semi-empirical from equivalents 
0.9870 and 0.9374  
Full-matrix least-squares on F2 
9449 / 28 / 431 
1.050 
R1 = 0.0484, wR2 = 0.1345 
R1 = 0.0582, wR2 = 0.1393 
0.058(9) 
0.710 and -0.409 e∙Å-3 
 
Synthesis and Structure of tp-PMBB-3-stp-1 
Procedure for preparation of tp-PMBB-3-stp-1. Cr(NO3)3 ∙ 9 H2O (Sigma-Aldrich Inc., 
99%, 0.010 g, 0.025 mmol) was dissolved together with 4-(4-Pyridyl)benzoic acid (see 
preparation above, 0.010 g, 0.05 mmol) in 1.5 mL of N,N-dimethylformamide in an ultrasonic 
bath for 10 min. The resulting dark purple solution was then placed in an oven at 105°C for 20 h, 
whereas the color turned to dark green. After cooling to room temperature, 0.5 mL acetonitrile 
(MeCN) was added and the resulting solution was placed into a test tube and layered with a 
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solution of Cd(NO3)2 · 4 H2O (Fisher Scientific, 99%, 0.15 mmol, 0.0463 g) in 1.5 mL of a 2:1 
mixture of MeCN and DMF. After 3 days at room temperature, a dark-green hexagonal-shaped 
single crystal suitable for single crystal X-ray analysis was harvested. Few of those crystals were 
obtained together with large amounts of light green X-ray amorphous precipitate. 
Crystals of tp-PMBB-3-stp-1 were characterized by single crystal X-ray crystallography 
(Bruker-AXS SMART-APEXII CCD diffractometer, CuKα, λ = 1.54178 Å, Table E8) owing to 
the very small amount obtained. 
 
Table E8. Single crystal X-ray diffraction data for tp-PMBB-3-stp-1. Bruker-AXS APEX2 CCD diffractometer. 
 
Identification code 
 
Empirical formula                  
Formula weight                     
Temperature                        
Wavelength                         
Crystal system, space group        
Unit cell dimensions               
  
 
Volume                              
Z 
Calculated density                
Absorption coefficient             
F(000)                             
Crystal size                       
Theta range for data collection    
Limiting indices                    
Reflections collected / unique      
Completeness to theta = 30.92     
Absorption correction              
Max. and min. transmission         
Refinement method                  
Data / restraints / parameters     
Goodness-of-fit on F2             
Final R indices [I>2sigma(I)]      
R indices (all data)               
Largest diff. peak and hole        
tp-PMBB-3-stp-1 
 
C144H96Cd3Cr6N12O38 
3251.53 g/mol 
100(2) K 
1.54184 Å 
Hexagonal,  P6/mmm 
a = 31.591(3) Å,  α = 90° 
b = 31.591(3) Å,  β = 90° 
c = 21.002(2) Å,  γ = 120° 
18152(3) Å3 
1 
0.297 Mg/m3 
1.537 mm-1 
1636  
0.10 x 0.05 x 0.05 mm 
6.20 to 30.92° 
-20<=h<=21, -18<=k<=19, -10<=l<=14 
9751 / 1125 [R(int) = 0.1185] 
97.4 % 
Semi-empirical from equivalents 
0.9271 and 0.8615 
Full-matrix least-squares on F2 
1125 / 37 / 67 
1.077 
R1 = 0.0952, wR2 = 0.2479 
R1 = 0.1129, wR2 = 0.2622 
0.482 and -0.370 e∙Å-3 
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Synthesis and Structure of tp-PMBB-4-stp-1 
Procedure for preparation of tp-PMBB-4-stp-1. As prepared tp-PMBB-4 (0.0500 g) was 
dissolved in 1.5 mL of a 2:1 mixutre of dimethylsulfoxide (DMSO) and acetonitrile (MeCN). 
The green solution was placed into a test tube and layered with a solution of Cu(OAc)2 · H2O 
(Sigma-Aldrich Inc., 98+%, 0.10 mmol, 0.0200 g) in 1.5 mL of a 2:1 mixture of MeCN and 
DMSO. After 3 days at room temperature, a blue-green hexagonal-shaped single crystal suitable 
for single crystal X-ray was harvested. The rest of the crystalline product was collected by 
filtration, washed with small amounts of MeCN and dried briefly in air (yield: 0.04 g, 38% based 
on Cu). 
Crystals of tp-PMBB-4-stp-1 were characterized by FT-IR spectroscopy (Nicolet Avatar 
320 FTIR, absorbance, Figure E28), thermogravimetric analysis (Perkin Elmer STA 6000, 
Figure E29), powder X-ray diffraction (Bruker-AXS SMART-APEXII CCD diffractometer, 
CuKα, λ = 1.54178 Å, Figure E30) and single crystal X-ray crystallography (Bruker-AXS 
SMART-APEXII CCD diffractometer, CuKα, λ = 1.54178 Å, Table E9). 
Crystal Structure of tp-PMBB-4-stp-1. The single crystal X-ray structural study reveals 
that tp-PMBB-4-stp-1 crystallizes in the hexagonal space group P63/mcm (a = b = 
26.2845(18) Å, c = 27.9008(18) Å, γ = 120°) and is built from tp-PMBB-4. The trimeric 
chromium cluster contains three DMSO molecules bound to the remaining coordination sites. 
Four tp-PMBB-4 are connected via their pyridine moiety of the decorated ligand to an octahedral 
Cu2+ metal node additionally coordinated by 2 charge balancing nitrate anions. The resulting 
underlying net shows the stp (6,4) topology. The structure possesses hexagonal channels of 
diameter 19 Å running along [001]. 
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Figure E28. FT-IR of tp-PMBB-4-stp-1. Nicolet Avatar 320 FT-IR, solid state, reflectance, 3500 – 600 cm-1, 
resolution 4 cm-1. 
 
 
Figure E29. TGA of tp-PMBB-4-stp-1. Perkin Elmer STA 6000, 8.007 mg, 30 – 750°C, ramp 5°C/min. 
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Figure E30. Comparison of experimental (background corrected) and calculated powder X-ray diffraction patterns 
of tp-PMBB-4-stp-1. Bruker-AXS SMART-APEXII CCD diffractometer. 
 
Small differences in 2 theta values of measured and calculated powder patterns can be 
explained with different temperatures during data collection. Single crystal X-ray diffraction was 
performed at 100 K, powder diffraction at 228 K. 
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Table E9. Single crystal X-ray diffraction data for tp-PMBB-4-stp-1. Bruker-AXS APEX2 CCD diffractometer. 
 
Identification code 
 
Empirical formula                  
Formula weight                     
Temperature                        
Wavelength                         
Crystal system, space group        
Unit cell dimensions               
  
 
Volume                              
Z 
Calculated density                
Absorption coefficient             
F(000)                             
Crystal size                       
Theta range for data collection    
Limiting indices                    
Reflections collected / unique      
Completeness to theta = 14.17      
Absorption correction              
Max. and min. transmission         
Refinement method                  
Data / restraints / parameters     
Goodness-of-fit on F2             
Final R indices [I>2sigma(I)]      
R indices (all data)               
Largest diff. peak and hole        
tp-PMBB-4-stp-1 
 
C108H108Cr6Cu3N18O50S6 
3153.10 g/mol 
100(2) K 
0.41328 Å 
Hexagonal,  P63/mcm 
a = 26.2845(18) Å,  α = 90° 
b = 26.2845(18) Å,  β = 90° 
c = 27.9008(18) Å,  γ = 120° 
16693.5(19) Å3 
2 
0.627 Mg/m3 
0.089 mm-1 
3218  
0.20 x 0.05 x 0.05 mm 
0.90 to 14.17° 
-30<=h<=29, -27<=k<=28, -30<=l<=32 
67352 / 5059 [R(int) = 0.0724] 
97.7 % 
Semi-empirical from equivalents 
0.9956 and 0.9825 
Full-matrix least-squares on F2 
5059 / 130 / 244 
1.007 
R1 = 0.0653, wR2 = 0.1804 
R1 = 0.0946, wR2 = 0.1936 
0.558 and -0.331 e∙Å-3 
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Figure E31. Cages in tp-PMBB-4-stp-1. 
 
 
Figure E32. Coordination environment in tp-PMBB-4-stp-1. Axial DMSO ligands are disordered by symmetry; 
Hydrogen atoms have been omitted for clarity. 
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Synthesis and Structure of tp-PMBB-4-stp-1-OTs 
Procedure for preparation of tp-PMBB-4-stp-1-OTs. As-prepared tp-PMBB-4-stp-1 
(0.050 g) was immersed into 5 mL of a saturated solution of lithium para-toluenesulfonate 
(LiOTs) in methanol. The solution was replaced once after 36 hours. After 3 days at room 
temperature, a blue-green hexagonal-shaped single crystal suitable for single crystal X-ray was 
harvested. The rest of the crystalline product was collected by filtration, washed with small 
amounts of MeOH and dried briefly in air. 
Crystals of tp-PMBB-4-stp-1-OTs were characterized by FT-IR spectroscopy (Nicolet 
Avatar 320 FTIR, absorbance, Figure E33) and single crystal X-ray crystallography (Bruker-
AXS SMART-APEXII CCD diffractometer, CuKα, λ = 1.54178 Å, Table E10). 
Crystal Structure of tp-PMBB-4-stp-1-OTs. The single crystal X-ray structural study 
reveals that tp-PMBB-4-stp-1-OTs retains the hexagonal space group P63/mcm with minor 
changes in unit cell parameters due to the flexibility of the framework (a = b = 27.645(4) Å, c = 
26.670(4) Å, γ = 120°).  The trimeric chromium cluster contains three methanol molecules bound 
to the remaining coordination sites instead of DMSO in the parent compound. The octahedral 
Cu2+ metal node is now additionally coordinated by 2 charge balancing para-toluenesulfonate 
anions. Crystallographically the SO3-headgroup of the OTs group could be solved and refined, 
the remaining tolyl-group was modeled due to a high disorder within the large solvent accessible 
channels. The resulting underlying net remains unaltered as the stp (6,4) topology. 
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Figure E33. FT-IR of tp-PMBB-4-stp-1-OTs. Nicolet Avatar 320 FT-IR, solid state, reflectance, 3500 – 600 cm-1, 
resolution 4 cm-1. 
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Table E10. Single crystal X-ray diffraction data for tp-PMBB-4-stp-1-OTs. Bruker-AXS APEX2 CCD 
diffractometer. 
 
Identification code 
 
Empirical formula                  
Formula weight                     
Temperature                        
Wavelength                         
Crystal system, space group        
Unit cell dimensions               
  
 
Volume                              
Z 
Calculated density                
Absorption coefficient             
F(000)                             
Crystal size                       
Theta range for data collection    
Limiting indices                    
Reflections collected / unique      
Completeness to theta = 10.82      
Absorption correction              
Max. and min. transmission         
Refinement method                  
Data / restraints / parameters     
Goodness-of-fit on F2             
Final R indices [I>2sigma(I)]      
R indices (all data)               
Largest diff. peak and hole        
tp-PMBB-4-stp-1-OTs 
 
C108H72Cr6Cu3N12O50S6 
3032.76 g/mol 
100(2) K 
0.41328 Å 
Hexagonal,  P63/mcm 
a = 27.645(4) Å,  α = 90° 
b = 27.645(4) Å,  β = 90° 
c = 26.670(4) Å,  γ = 120°  
17651(5) Å3 
2 
0.571 Mg/m3 
0.084 mm-1 
3062  
0.05 x 0.03 x 0.03 mm 
0.96 to 10.82° 
-24<=h<=22, -23<=k<=22, -24<=l<=22 
46099 / 2477 [R(int) = 0.1041] 
98.5 %  
Semi-empirical from equivalents 
0.9975 and 0.9958 
Full-matrix least-squares on F2 
2477 / 42 / 150 
1.010 
R1 = 0.0938, wR2 = 0.2276 
R1 = 0.1139, wR2 = 0.2379  
0.507 and -0.545 e∙Å-3 
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